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 1 
SUMMARY 
 
Sterol is an abundant component of eukaryotic cell membranes and is 
thought to influence membrane properties such as permeability, fluidity 
and microdomain formation.  Drosophila is an excellent model system 
in which to study functional requirements for membrane sterol because, 
although it does not synthesize sterol, it nevertheless requires sterols to 
complete development.  Moreover, Drosophila normally incorporates 
sterols into cell membranes.  Thus, dietary sterol depletion can be used 
to specifically reduce membrane sterol levels.  In contrast, vertebrates 
do synthesize cholesterol.  In this way, sterol depletion in vertebrates 
demand the use of approaches such as chemical extractions, drug 
treatments or genetic manipulation which are prone to have side 
effects.  We have controlled the level and type of dietary sterol 
available to developing Drosophila larvae in order to investigate the 
requirement for sterol in cell membranes, and to distinguish it from the 
function of sterol as a precursor for signaling molecules.  Strikingly, we 
show that membrane sterol levels can be reduced 6-fold in most tissues 
without affecting cell or larval viability.  Larvae respond to sterol 
depletion by arresting their growth and development, and by increasing 
the level of specific sphingolipid variants that promote survival when 
sterol is scarce.  Thus, non-sterol lipids are able to substitute for sterols 
in the maintenance of basic membrane biophysical properties required 
for life.  Despite this, Drosophila larvae regulate their growth to 
maintain membrane sterol levels within tight limits.  The existence of 
this novel membrane sterol-dependent growth control mechanism 
indicates an important role for bulk membrane sterol in the tissue 
specific functions of differentiated cells. 
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One of the most notable features of all living cells is that the relationship between their 
domestic activities and the external environment is regulated by a membranous barrier. 
(Quinn and Chapman, 1980) 
 
 
The cell, the basic unit of life, is essentially defined by its enveloping plasma 
membrane that functions as a permeability barrier from the surrounding environment.  
Similarly, in eukaryotic cells, the maintenance of the characteristic differences 
between the contents of many subcellular organelles such as nuclei, mitochondria, 
chloroplasts and the Golgi apparatus are due to the existence of a surrounding 
boundary membrane to each organelle (Alberts et al., 2002; Vance and Vance, 2002; 
Voet and Voet, 2004). 
Biological membranes (Fig.I-1) are lipid bilayers – lipid molecules comprise 
about 50% of the mass of most animal cell membranes, nearly all the remainder being 
proteins with small amounts of carbohydrates, which affect cellular processes 
according to their physical and chemical properties.  In this way, cell membranes are 
not simply static barriers but rather very dynamic with respect to cell function.  
Moreover, the importance of biomembranes is also reflected by the fact that between 
20-35% of the proteins encoded by an animal genome are membrane integral proteins 
and probably half of the rest function at or close to the membrane surface (Alberts et 
al., 2002; Vance and Vance, 2002; Voet and Voet, 2004).  
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Figure I-1.  Schematic three-dimensional cross section of a cell membrane. 
 
In addition to their function as permeability barriers and boundary surfaces, 
membranes allow the establishment of ion gradients that can be used for the synthesis 
of ATP.  The sensing of environmental cues and transduction into intra and 
intercellular signals is also made through membrane-bound receptors (Alberts et al., 
2002; Vance and Vance, 2002; Voet and Voet, 2004). 
If a stable bilayer structure can be achieved with one or two lipids, it is 
puzzling why are there are so many structurally different lipids included in biological 
membranes (Vance and Vance, 2002).  Particularly the function of cholesterol, a lipid 
thought to be essential in determining membrane properties required for 
biomembranes’ biological functions has been subject of an immense number of 
studies (Mouritsen and Zuckermann, 2004), typically done in model membranes but 
also in vertebrate cells and organisms.  Contrasting with the standard approaches and 
models used to study membranes and specifically cholesterol functions, we made use 
of Drosophila melanogaster.  This has been a well-known and important model 
organism in genetic studies for more than 90 years (Adams and Sekelsky, 2002).  It 
seems, however, that Drosophila has much more potential and can be used in many 
different types of studies in addition to the classical genetics due to its similarities 
with vertebrates in many different signaling pathways.  Here, for example, we use 
Drosophila to distinguish different functions of sterols in eukaryotic organisms. 
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I-1.   Lipids 
 
(…) how nature chose a wonderful and versatile class of molecules, the lipids, to structure 
and organize living matter in a way that provides for unique functions. (Mouritsen, 2005) 
 
Lipids fulfill several biological functions.  They are used as energy storage 
sources, mainly triacylglycerols.  Polar lipids, which include a hydrophobic and a 
hydrophilic region, form the matrix of cellular membranes - the hydrophobic 
interactions with each other and the hydrophilic interactions with water determine the 
lipid packing into membranes and the physical and chemical properties of these 
bilayers (Nelson et al., 2005).  Lipids can also function as first and second messengers 
receiving environmental cues and translating them into signaling pathways (van Meer 
et al., 2008).  In addition, lipids modify proteins targeting them to lipid bilayers or o 
lipid particles (Leung et al., 2006; Mitchell et al., 2006; Porter et al., 1996a).  Lipid 
particles function as signaling platforms by carrying not only lipids but also proteins 
to several tissues in the organism (Eugster et al., 2007; Panáková et al., 2005) 
(Khaliullina et al, submitted).  Lipids are also precursors for signaling molecules such 
as steroid hormones (Gilbert et al., 2002; Miller, 1988).  
The LIPID MAPS (LIPID Metabolites And Pathways Strategy; 
http://www.lipidmaps.org) define lipids as hydrophobic or amphipathic small 
molecules that may originate entirely or in part by carbanion-based condensations of 
thioesters (fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, 
saccharolipids, and polyketides) and/or by carbocation-based condensations of 
isoprene units (prenol lipids and sterol lipids (Fahy et al., 2009).  Lipids are in this 
way divided into eight categories as follows: 
 
• Fatty Acyls 
• Glycerolipids 
• Glycerophospholipids 
• Sphingolipids 
• Sterol lipids 
• Prenol lipids 
• Saccharolipids 
• Polyketides 
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I-1.1.   Glycerophospholipids 
 
Glycerophospholipids are the main building blocks in membranes (Vance and 
Vance, 2002).  These lipids have a glycerol backbone, which, in eubacteria and 
eukaryotes, is sn-3-glycerol esterified at 1- and 2- position with long chain fatty acids 
and a highly polar or charged group (the head group) attached to the third carbon 
through a phosphodiester bond (Nelson et al., 2005; Vance and Vance, 2002).  
According to the head group one can distinguish several different phospholipids 
(Fig.I-2). 
In contrast to the generality of eukaryotes where glycerophosphatidylcholine 
(PC) accounts for more than 50% of all membrane phospholipids (van Meer et al., 
2008), in Drosophila melanogaster this percentage accounts for 
glycerophosphatidylethanolamine (PE) (Fast, 1966; Jones et al., 1992; Rietveld et al., 
1999).  PE’s phase transition temperature (Tm) is abnormally high when compared 
with other glycerophospholipids.  This is explained by the possibility of a different 
type of hydrogen-bonding interaction relatively to the other similar lipids.  In PE 
bilayers it is envisaged a system with a dynamic equilibrium between “free” 
phosphate groups (Fig.I-2), phosphate groups hydrogen-bonded to water and 
phosphate groups hydrogen bonded to amine protons of neighboring sphingolipid 
head groups (Yeagle, 2005). 
 
 
 
Figure I-2.  Structure of glycerophospholipids.  In black, the glycerol backbone with a polar 
phosphate group attached.  In blue the fatty acid chains.  X defines the position of the head 
group.  Some examples of head groups are given in red, with the corresponding name and the 
one from the derived glycerophospholipid, in parenthesis.  
 
Fatty acids in glycerophospholipids can be of a wide variety, the most 
common being C16 or C18 saturated fatty-acyl at sn-1 position and C18 and C20 
INTRODUCTION 
 7 
unsaturated fatty acid at sn-2 position (Jones et al., 1992; Nelson et al., 2005).  
However, D. melanogaster embryonic membranes contain glycerophospholipids with 
shorter fatty acids than the ones present in mammals as shown by Rietveld and others 
(Rietveld et al., 1999). 
 
I-1.2.   Sphingolipids 
 
(…) is of an alkaloidal nature, and to which, in commemoration of the many enigmas which it 
has presented to the inquirer, I have given the name of Sphingosin.   
Johann L.W. Thudichum in A Treatise on the Chemical Composition of Brain (1884) 
 
Sphingolipids are lipids with a long chain amine (sphingosine or sphingoid 
base) as a backbone bound to a fatty acid by an amide linkage at sn-2 position.  
Ceramide is the simplest sphingolipid (Mouritsen, 2005).  Three classes of 
sphingolipids can be distinguished according to the head group attached to the sn-1 
sphingosine backbone: 1) sphingophospholipids; 2) glycosphingolipids, which occur 
largely at the outer face of the membrane and include one or more sugar residues and 
3) gangliosides, glycosphingolipids with terminal sialic residues (Mouritsen, 2005; 
Nelson et al., 2005; van Meer et al., 2008)) (Fig.I-3).  Due to their saturated (or trans-
unsaturated) tails, sphingolipids are able to form taller and narrower cylinders than 
PCs of the same chain length, packing more tightly.  They are fluidized by sterols 
(van Meer et al., 2008). 
 
 
Figure I-3.  Structure of sphingolipids.  The sphingosine backbone (black) is attached to a 
fatty acid (blue) and to a head group (red) that distinguishes different sphingolipids – some 
examples of head groups are given in red, with the name of the head group and the one from 
the derived sphingolipid, in parentesis. 
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This lipid class has been implicated in several functions in multicellular 
organisms such as regulation of cell death, survival, differentiation and migration.  
Also in D. melanogaster, sphingolipid intermediates were found to be involved in 
maintaining reproductive function, viability, and muscle integrity (Herr et al., 2003).  
In contrast to mammalian and yeast sphingolipids where the main sphingosine and 
dihydrosphingosine are C18 or C20 in length, D. melanogaster presents sphingolipids 
with shorter long chain bases of C14 or C16. The amide-linked fatty acids are also 
shorter in Drosophila than in mammalian sphingolipids and completely saturated – 
the most abundant fatty acid detected in sphingolipids of Drosophila embryos is 
arachidic acid (C20:0), shorter that the lignoceric acid (C24:0) abundant in 
mammalian sphingolipids.  Moreover, sphingomyelin, the only sphingophospholipid 
present in mammalian membranes is not present in Drosophila or other insect 
membranes, which contain phosphoethanolamine ceramide (Rietveld et al., 1999; 
Wiegandt, 1992). 
 
The differences in structure between Drosophila and mammalian membrane 
lipids described in the upper sections have probably effects on membranes in terms of 
biophysical properties, transport, sub-cellular localization, and transport (Fyrst et al., 
2004).  This might be related with the fact that Drosophila lives at an optimal 
temperature of 25oC, lower than the 37oC for vertebrates.  Thus, lipids in their 
membranes would probably not require equally high Tm as the ones in vertebrate 
membranes (Rietveld et al., 1999). 
 
I-1.3.   Sterol Lipids 
 
At first sight the molecular architecture of cholesterol seemed enigmatic and devoid of any 
clues as to how this complex molecule might be constructed from the smaller molecules 
available in the cell.  Konrad Bloch, 1965 (Bloch, 1965) 
 
The characteristic structure of sterols is the hydrophobic steroid nucleus 
consisting of 4 fused rings, three with 6 carbons and one with 5, attached to a 
hydrocarbon side chain on C-17, and a hydrophilic –OH group attached to the C-3 of 
the tetracyclic ring (Nelson et al., 2005).  Cholesterol is the typical sterol of 
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vertebrates, while other eukaryotic organisms have different sterols (e.g. ergosterol in 
fungi and sitosterol in plants) (Fig.I-4). 
Generally in eukaryotes sterols are assigned multiple different functions such 
as precursors for bile acids (Russell, 2003), hormones (Payne and Hales, 2004), and 
other signaling molecules (Edwards and Ericsson, 1999), they are covalently linked to 
the Hedgehog (Hh) family of proteins 
(Porter et al., 1996a) and they are 
important components of vertebrate cell 
membranes (Ikonen, 2008). 
Sterols are thought to be 
essential in eukaryotic cell membranes 
(Espenshade and Hughes, 2007).  Their 
importance is emphasized by studies 
indicating that the ability of cells to 
produce cholesterol occurred 
simultaneously and as a consequence of 
the oxygen rise in the atmosphere - 
cholesterol synthesis requires oxygen 
(Espenshade and Hughes, 2007) - and 
that was the major driving force in 
Evolution and in the appearance of 
multicellular organisms.  This lipid is 
universally absent in prokaryotes (Chen 
et al., 2007; Mouritsen, 2005; Mouritsen 
and Zuckermann, 2004).  Furthermore, 
animals show a high investment in 
cholesterol synthesis.  Cellular sterol 
homeostasis is maintained by multiple 
feedback controls conserved through all the Animal class (Espenshade and Hughes, 
2007).  Almost one hundred proteins are employed to synthesize, modify, transport or 
degrade sterols, consuming many equivalents of ATP.  However, no energy is 
returned after their catabolism or excretion from the organism (Haines, 2001). 
Studies made with model membranes have shown that above the so called 
main or chain-melting temperature, characteristic for each lipid, the membranes are in 
Figure I-4.  Structures of different sterols 
characteristic of specific groups of 
organisms – cholesterol in vertebrates, 
stigmasterol in plants and ergosterol in 
fungi. 
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a disordered state, a quasi-two-dimensional liquid (liquid-disordered phase), while 
below that temperature lipids are highly packed together in a quasi—two-dimensional 
crystalline or gel state (solid ordered phase).  In these studies, cholesterol has been 
shown to introduce order in disordered membranes and to prevent the formation of gel 
phases.  The presence of cholesterol allows the formation of a membrane phase called 
liquid-ordered.  This state has intermediate properties between liquid-disordered and 
solid-ordered.  It is thought to coexist with the liquid-disorder phase in vivo - there is 
consensus that the biological membrane is a liquid, so solid-ordered phase coexistence 
may be ignored for most cases (Mouritsen and Zuckermann, 2004; Simons and Vaz, 
2004).  The ordering effects of cholesterol modulate physical, chemical and certain 
functional properties of membranes.  In this way, the model membrane studies 
indicate that cholesterol suppresses passive permeability, it binds solutes such as 
alcohols acting as an antagonist to their binding to membranes, it influences 
mechanical properties such as bending and compression and it allows lateral diffusion 
along the membrane plane since it maintains the liquid character although it increases 
lipid chain order and membrane thickness.  Also, protein function is reported to be 
modulated by physical properties of membranes such as thickness (Mouritsen and 
Zuckermann, 2004).   
Cholesterol forms lipid rafts, which are membrane domains also enriched in 
sphingolipids and glycerophospholipids containing saturated fatty acyl chains.  These 
domains appear to represent a more ordered lipid environment than the surrounding 
bulk membrane (Brown and London, 2000).  They are also strongly indicated to have 
specific biological functions.  Certain types of proteins bind preferentially to them 
(e.g. GPI-linked proteins) (Lucero and Robbins, 2004; Pike, 2005; Simons and 
Ikonen, 1997). 
Although cholesterol modulation of membrane properties has been extensively 
studied in model membranes, the biological significance and essential requirements 
for cholesterol are not yet clear in vivo where membrane lipid composition is much 
more complex.  This is mostly due to technical difficulties for cholesterol depletion 
from vertebrate cells due to endogenous synthesis – although with some exceptions 
the synthesis of sterols is a general characteristic of eukaryotic cells and it is made 
through the mevalonate pathway (Fig.I-6) (Bloch, 1965; Chen et al., 2007; 
Espenshade and Hughes, 2007).  The roles of sterols in vertebrate membranes have 
been addressed using a combination of chemical extraction (e.g. with cyclodextrin) to 
INTRODUCTION 
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actively remove cholesterol, and HMGCoA reductase inhibiting drugs to prevent 
endogenous synthesis.  In tissue culture cells, depleting cholesterol by these methods 
disturbs membrane microdomain formation and perturbs a wide variety of signal 
transduction and trafficking pathways (Sengupta et al., 2007; Simons and Vaz, 2004).  
Cyclodextrin extraction can also induce influenza viral membranes to form gel phases 
at low temperatures (Polozov et al., 2008).  Although these data would seem to 
suggest that cholesterol is essential for these basic features of membrane biology, the 
methods used cause significant side effects: inhibition of HMGCoA reductase 
prevents synthesis of other mevalonate-derived lipids besides cholesterol and 
cyclodextrin-mediated extraction is not completely specific for cholesterol 
(Zidovetzki and Levitan, 2007) – furthermore the fact that cells can be perturbed by 
the sudden extraction of cholesterol from their membranes does not address whether 
other lipids might effectively replace cholesterol under more physiological conditions.  
Moreover, blocking sterol synthesis genetically by mutating squalene synthase causes 
profound developmental defects, as do more distal mutations in the cholesterol 
biosynthesis pathway (Kelley and Herman, 2001; Porter, 2003; Tozawa et al., 1999).  
Similarly, in S. cerevisiae, altering ergosterol biosynthesis perturbs drug resistance, 
signaling and membrane trafficking (Bagnat and Simons, 2002; Guan et al., 2009; 
Munn et al., 1999; Proszynski et al., 2005; Swain et al., 2002).  However, it is not 
clear which of these defects are caused by loss of membrane sterol.  These phenotypes 
might be caused by the accumulation of precursors or failure to synthesize sterol-
derived signaling molecules, rather than by altered biophysical properties of cell 
membranes. 
 
I-1.3.1.   Sterol lipids in prokaryotes and in invertebrates 
 
As it was described in the previous section, sterols are thought to modulate 
several different properties of membranes, optimizing them for biological processes.  
Studies made with phospholipid-cholesterol containing membranes indicate that a 
minimum of 6 mol % cholesterol is required to prevent the formation of gel phases 
(Ipsen et al., 1989; Sankaram and Thompson, 1991).  More recent studies made in 
ternary systems with a lipid mixture that would simulate the lipid composition of lipid 
rafts by including a lipid with a high Tm, one with a low Tm and cholesterol also 
INTRODUCTION 
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evidence that less than 6 mol % cholesterol does not allow the formation of liquid-
ordered domains in the membranes (Fig.I-5) (de Almeida et al., 2003). 
 
 
Figure I-5.  Palmitoylsphingomyelin/palmitoyloleoylphosphatidylcholine/cholesterol 
(PSM/POPC/Chol) phase diagram at 23oC.  ld = liquid-disordered; lo = liquid-ordered; so = 
solid-ordered.  The circles are experimental points.  The red line describes the lo/ld 
composition at the right of it there is also so phase (adapted from de Almeida et al, 2003). 
 
There are, however, some organisms that due to the absence of sterols in their 
membranes challenge the importance of sterols as structural components of these lipid 
bilayers.  As examples, the prokaryotic organisms as already referred.  These 
organisms, however, might not represent a good challenge to the importance of 
membrane cholesterol since they have simpler signaling pathways and membrane 
proteins (Acquisti et al., 2007), which might justify the non-requirement of specific 
membrane properties theoretically predicted to be conferred by cholesterol.  In 
eukaryotes, an embryonic insect cell line (Kc cells) was reported to be able to live for 
many generations without sterols in the medium and without incorporating these 
lipids in their membranes (Silberkang et al., 1983).  Caenorhabditis elegans, a sterol 
auxotroph1, may require sterols just for steroid hormone production (Kurzchalia and 
Ward, 2003)  – C. elegans accumulates sterols only in a small subset of cells under 
normal dietary conditions (Matyash et al., 2001) and requires cholesterol to produce a 
steroid hormone required for reproduction (Matyash et al., 2004).  How are membrane 
                                                
1 Auxotrophy: is the inability of an organism to synthesize a particular organic compound 
required for its growth (as defined by IUPAC) 
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fluidity and permeability properties maintained in the absence of sterols in these cells 
and organisms? 
 
I-1.3.1.1.  Sterol lipids in Drosophila melanogaster 
 
It is, therefore, concluded that the fat-soluble growth factor required by blow-fly larvae is a 
sterol.  Furthermore, a sterol is the only fat-soluble substance essential for larval growth (…). 
It seems not improbable that a sterol may be an essential growth factor for insects generally 
(…) Hobson, 1935 (Hobson, 1935) 
 
Drosophila melanogaster, like all insects does not synthesize sterols (Belles et 
al., 2005).  Also C. elegans (Kurzchalia and Ward, 2003) and other invertebrates 
(Clayton, 1964) do not produce sterols endogenously.  However, all these organisms 
demand a nutritional source of sterols in order to complete development, being 
characterized as sterol auxotrophs.  Insects lack the genes encoding squalene synthase 
and other subsequent enzymes of the sterol branch (Clark and Bloch, 1959).  These 
animals have juvenile hormones as the final products of the mevalonate pathway 
instead of cholesterol as in mammals (Belles et al., 2005) (Fig.I-6).  These hormones 
are unique sesquiterpenoid hormones that regulate embryonic development, repress 
metamorphosis, and induce vitellogenin synthesis and pheromone production in most 
insect species but with no clear function in D. melanogaster (King-Jones and 
Thummel, 2005). 
There are not many studies about Drosophila’s membrane lipid composition.  
However, Rietveld and others (Rietveld et al., 1999) presented a good characterization 
of Drosophila’s embryonic membranes where they have made some comparisons to 
mammals.  Embryonic sterols are maternally contributed, meaning that the embryos 
include in their membranes the same sterols as the ones existent in their mothers or 
modified structures of them.  Rietveld’s results can be summarized as follows: 
Drosophila’s embryonic membranes, although with some differences regarding the 
lipid structures (see previous sections), show several similarities to mammalian 
membranes. They present detergent resistant membranes enriched in sterols and 
phosphoethanolamine ceramide and with GPI-associated proteins – interpreted as 
being lipid rafts.  Moreover, they contained 18 mol % of sterols relatively to 
phospholipids.  Most of the sterols (80 % of total sterols) detected accounted for 
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sterols also existent in the mothers diet, meaning that the majority of the sterols are 
incorporated into membrane without further modification.  Cholesterol accounted for 
3 % of total membrane sterols and the rest corresponded to intermediates in 
cholesterol synthesis.  The relevance of this study for the development of the present 
thesis refers to the fact that although Drosophila is unable to synthesize sterols it has 
membranes comparable to mammalian membranes.  This justifies its use and 
relevance as a model for studying general sterol requirements of eukaryotic cell 
membranes. 
In spite of lacking the ability of sterol synthesis it was found that Drosophila 
includes in its genome all components of the Sterol Regulatory Element Binding 
Protein (SREBP) signaling pathway (Seegmiller et al., 2002).  SREBPs are membrane 
bound transcription factors that in mammals control the synthesis of cholesterol and 
unsaturated fatty acids (Rawson, 2003).  It was found that in Drosophila SREBP 
responds to levels of PE by synthesizing saturated fatty acids and phospholipids 
(Dobrosotskaya et al., 2002).  Due to differences in regulation and targeting of this 
pathway in different organisms it is hypothesized that the SREBP pathway generally 
controls the lipid composition of cell membranes. 
Sterol requirements for signaling functions in Drosophila have been 
identified.  Sterols are needed for synthesis of ecdysone, the insect molting hormone. 
In higher insects like Drosophila, ecdysone is produced in the prothoracic gland of a 
composite organ, the ring gland.  The pathway required for synthesis of this hormone 
is still not yet completely understood. The current knowledge, based on studies made 
in different insect species, is that the synthesis of ecdysone requires the conversion of 
dietary sterols into cholesterol, which then suffers a series of hydroxylations in order  
to produce ecdysone and its derived metabolite, 20-hydroxyecdysone (20E).  Both 
ecdysone and 20-hydroxyecdysone have morphogenetic roles of their own (Gilbert, 
2004; Gilbert et al., 2002) (Fig.I-7).  Also, sterols mediate processing of Drosophila 
Hh and modify the resulting amino-terminal fragment (Porter et al., 1996a; Porter et 
al., 1996b).  Hh is a morphogen essential for many aspects of development.  It is 
thought that the sterol modification of Hh amino-terminal fragment allows this 
peptide to form a proper gradient in the tissues by targeting it to membranes 
(Panáková et al., 2005; Peters et al., 2004) 
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Figure I-6.  The mevalonate pathway.  In vertebrates, cholesterol is synthesized through 
the mevalonate pathway (green and orange steps).  Insects have this pathway multiply 
blocked and are not able to synthesize cholesterol.  In insects, the final product of the 
mevalonate pathway is a sesquiterpenoid, the Juvenile Hormone (green and blue steps). 
Adapted from Belles et al, 2005. 
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Figure I-7.  Ecdysteroidogenic pathway in D. melanogaster.  The reactions occur either at the 
endoplasmic reticulum or at the mitochondria.  The last four reactions are catalyzed by 
cytochrome P450 hydroxylases (*in the figure).  The genes that code for these enzymes are 
called Halloween genes – their mutation causes embryonic lethality in Drosophila.  Adapted 
from Parvy et al, 2005. 
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I-2.   Development of Drosophila melanogaster 
 
Already back in 1935 Hobson (Hobson, 1935) reported that insects require 
sterols to complete development.  What are sterols required for during the 
development of Drosophila?  The answer to this question demands some information 
regarding the development of this organism.  
Drosophila is a holometabolous2 insect.  Its life cycle includes four different 
stages: embryo, larvae, pupae (where metamorphic processes occur) and adult.  The 
larval stage has 3 larval instars – the passage from one larval stage to the next requires 
shedding of the cuticle and the production of a new one in a process named molting.  
The transition from a relatively immotile larvae, optimized for feeding, to a highly 
motile adult requires dramatic changes in virtually all tissues during metamorphosis 
(Emery et al., 1994).  These changes together with the other major developmental 
transitions depend on increasing titers of the steroid hormone ecdysone released in 
pulses to the hemolymph from the ring gland (Fig.I-8) (Kozlova and Thummel, 2000).  
According to studies made in several insects, these pulses are triggered by circadian 
rhythms and the release of a neuropeptide, the prothoracicothropic hormone (PTTH) 
(Belles et al., 2005).  The process of PTTH control of ecdysone release is still not well 
understood in Drosophila.  The timing conferred by the ecdysone pulses is transduced 
in stage-specific signaling regulatory cascades through a heterodymer receptor that 
includes two members of the nuclear receptor family, the Ecdysone receptor (EcR) 
and Ultraspiracle (USP) (King-Jones and Thummel, 2005; Koelle et al., 1991; 
Thummel, 2001).  The ecdysone-inducible transcription factors include three early 
regulatory genes — the Broad-Complex (BR-C), E74, and E75 – which are 
responsible for the activation of secondary tissue specific effector genes leading to 
molting and maturation of Drosophila (Emery et al., 1994; Thummel, 2001). 
In Drosophila, as generally in holometabolous insects, the adult size reflects 
the amount of growth during larval stages, since pupae and adults do not grow 
(Nijhout, 2003).  In order to understand growth mechanisms in insects one has to have 
in mind the concept of size assessment.  Three milestones of size assessment can be 
considered.  First, the threshold size for metamorphosis, which occurs late in the 
                                                
2 Holometabolous (also called complete metamorphism): refers to insects that interpose a 
pupal stage between the final larval stage and the adult. 
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second instar in Drosophila, where the larva assesses if the next molt will be a larval 
or a metamorphic one.  Second, the minimal viable weight necessary for a larva to 
survive to metamorphosis when starved.  Third, the critical weight, achieved when 
feeding no longer affects the time course to pupariation – the time that takes a larva to 
sense critical weight is referred as interval to cessation of growth or terminal growth 
period (TGP).  During this period the larva continues to grow (Edgar, 2006; Mirth et 
al., 2005). 
 
 
 
Figure I-8.  Ecdysteroid pulses trigger each of the major developmental transitions in 
Drosophila.  The ecdysone titer profile is depicted as 20E equivalents in whole body 
homogenates (Riddiford, 1993).  The major developmental transitions are marked by dotted 
lines (Thummel, 2001). 
 
Growth rates in Drosophila are affected by several factors such as 
temperature, nutrition, population density (competition) and genotype.  There are 
some well-studied signaling pathways in insects, highly homologous to vertebrates, 
which are responsible for sensing nutritional cues and regulate growth.  These include 
the Insulin/IGF signaling pathway (IIS) and the TOR pathway.  It has been reported 
that these pathways respond to dietary glucose and aminoacids (Edgar, 2006).  TOR is 
also responding to ATP levels through an interaction with the AMPK signaling 
pathway (Hardie, 2005).  There are studies that demonstrate that both the insulin/IGF 
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signaling pathway activity (Caldwell et al., 2005; Colombani et al., 2005; Mirth et al., 
2005) and the TOR pathway activity (Layalle et al., 2008) in the prothoracic gland 
stimulate ecdysone production and thereby reduce Drosophila size.  However, it is 
still not well understood how nutritional sensing pathways act at the prothoracic 
gland.  Of some surprise is the fact that it has never been carefully investigated how 
these pathways respond to other essential dietary cues for Drosophila such as sterols. 
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II.   SCOPE OF THE THESIS 
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The final aim of the present thesis is to answer the question of what are the 
essential requirements for sterols in the development of a eukaryotic organism.  This 
is, however, a complex question that can be separated into simpler ones.  Since sterols 
cannot be used as energy sources (Haines, 2001), a possible nutritional requirement 
for these lipids is excluded.  In this way, organism sterol requirements can be divided 
into two main groups: 1) signaling and 2) structural.  The distinction between these 
two groups of functions will allow to answer the upper question in a good extent.  For 
this, two more specific question have to be addressed first:  1) Are sterols essential 
components of biological membranes?  Are sterols essential to maintain membrane 
biophysical properties required for life or do they have a functional role in 
membranes?  The issue of membrane requirements for sterols is a fundamental 
question in Biology and its answer is still far from clearness.  The aim of this project 
is to clarify this issue.  
 
 
It is difficult to deplete sterols from vertebrate cells or organisms due to 
endogenous synthesis.  Genetic approaches taken in order to mutate genes coding for 
specific enzymes of the mevalonate pathway lead to the buildup of potentially toxic 
precursors.  Inhibition of other more general enzymes of the pathway such as the 
HMGCoA reductase by RNAi inhibits not only the synthesis of cholesterol but also of 
all the lipids synthesized from the mevalonate pathway.  Alternatively, chemical 
extraction of membrane sterol is not totally specific for sterols.  These difficulties 
make it impossible to take any clear conclusion regarding a phenotype obtained when 
these methods for cholesterol reduction are applied.  The approach used in the present 
thesis was taken in order to overcome the referred difficulties.  Drosophila 
melanogaster was used as a model of study due to its important similarities with 
vertebrates relevant for the focus of this project.  Particularly, Drosophila embryos 
were shown to have membranes with a lipid composition that resemble the one 
presented by vertebrate membranes (Rietveld et al., 1999).  In contrast to vertebrates, 
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however, Drosophila is a sterol auxotroph.  Nevertheless, it requires sterols to 
complete development.  Therefore, it has to obtain sterols from dietary sources.  The 
present work exploits the sterol auxotrophy of Drosophila by manipulating the 
amounts and types of sterols and sterol derivatives available in the diet of single 
Drosophila larvae in order to distinguish structural from signaling requirements for 
sterols. 
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III.   RESULTS 
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III-1.   Lipid-depleted medium and the feeding 
experiments 
 
In order to manipulate the dietary availability of sterols it was necessary to 
deplete the food from sterols.  To achieve this a lipid-depleted medium (LDM) was 
produced by removing lipids from yeast extract with organic solvents (see material 
and methods section).  Although the obtained medium is depleted of lipids in general 
(Fig.III), it was rationalized that this would function has a sterol-depleted medium for 
Drosophila since this organism is in theory able to synthesize all lipids required for its 
development except for sterols.  The feeding experiments were performed in single 
wells of a 24-well plate filled with food where only one larva was feeding.  Multiple 
reasons justify the separation of larvae into one individual per well in order to 
conclude about sterol requirements.  First, it allows the tracking of the development of 
individual larvae. We also found that the development is more synchronous when the 
larvae are isolated from each other.  Second, it prevents competition and so it ensures 
each larva has access to the same amount of food and most importantly of sterols.  
Third, it does not allow cannibalism of dead siblings, which is a potential source of 
sterols.  
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III-2.   Sterol depletion of Drosophila melanogaster 
– effects in development - 
 
The investigation of the requirements for sterols in Drosophila melanogaster 
demands in the first place to characterize the development of this organism under 
sterol-depleted conditions.  Is Drosophila able to survive in a sterol-restricted diet?  If 
so, how far is it able to progress through development?  What is the degree of sterol 
depletion in the organism when fed LDM?  The answer to these and other questions is 
addressed in this section of the results. 
 
III-2.1.   Sterol depletion and developmental arrest 
 
In order to know the effects of dietary sterol depletion in Drosophila’s 
development, larvae were fed with LDM and its development was compared to the 
development of larvae fed on a live-yeast based diet, yeast medium (YM) (see 
Figure III.  Thin layer chromatography (TLC) 
showing the lipid profile of both lipid-depleted 
medium (LDM) and yeast medium (YM).  
LDM has lower levels of lipids in general.  
Most important is the sterol band (red arrow) - 
although not totally absent is severely reduced 
comparatively with the one on equivalent 
amounts of YM. 
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Figure III-1.  Dietary sterol depletion induces developmental arrest of D. melanogaster.  (A) 
Photograph of equally aged Drosophila larvae.  While yeast-fed larvae are on 3rd instar larval 
stage (right), the larvae fed on LDM arrested on the first or second instar (left).  (B) 
Developmental stages reached when larvae are fed different diets. 
 
material and methods section and Fig.II-1).  While when fed on YM Drosophila 
completed development in more than 60% of the hatched embryos on average 
(Fig.III-1, black line), its development was arrested at the first or second larval instar 
when fed LDM (Fig.III-1, yellow line).  In order to make sure this arrest was 
specifically due to reduced sterol levels in the food, cholesterol was supplemented to 
the LDM.  The addition of this lipid to the LDM food made the larvae to complete 
development in more than 90% of the hatched embryos (Fig.III-1, orange line).  
Although Drosophila normally does not feeds on cholesterol, this sterol was chosen to 
be used as the standard sterol due to the fact that Drosophila is able to convert dietary 
sterols into cholesterol and because this is the main sterol in vertebrates - it is aimed 
to extrapolate the obtained results to vertebrate systems.  The lower success in 
completing development when fed with yeast relatively to when fed with cholesterol 
supplemented to LDM might be due to a lower functionality of ergosterol, the main 
A 
B 
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sterol in yeast, in Drosophila’s membranes or, alternatively, could also be a non-
specific effect for yeast sterols. 
These experiments allowed to conclude that sterols are the only dietary lipids 
missing in the LDM that are required to be supplemented in order for Drosophila to 
complete development in this media.  Under dietary sterol depletion, Drosophila 
larvae arrest development at 1st or 2nd instar.   
 
III-2.2.   Reversibility of the sterol-depleted arrest 
 
Is Drosophila able to resume development when transferred from LDM to 
LDM supplemented with cholesterol after arresting their development?  If this would 
be the case, it would be fair to 
conclude that Drosophila is 
somehow able to maintain basic 
physiological processes in order to 
survive during the period of 
developmental arrest until dietary 
sterol levels would be favorable 
again.  To test this, Drosophila 
larvae were fed first on LDM and 
transferred at different 
developmental time points to LDM 
+ cholesterol.  The larvae were able 
to resume development until up to 6 days in LDM (Fig.III-2).  Thus, under dietary 
sterol reduced conditions Drosophila arrests development but keeps its viability.  It is 
important to notice that 6 days is more than half of the total developmental time of 
Drosophila, 10 days at 25oC on average. 
 
III-2.3.   Translation of dietary sterol-depletion into reduced sterol levels 
in the organism 
 
In order to confirm the initial hypothesis (see section II) that depletion of 
sterols in the food would lead to a general sterol depletion in the organism, the levels 
Figure III-2.  Drosophila is able to reverse the 
sterol-depleted developmental arrest.  Drosophila 
larvae were transferred from LDM alone to LDM 
+ 6.2µg/ml cholesterol at different time points 
after egg laying (AEL).  More than 50% of the 
transferred larvae were able to resume 
development when transferred up to 5 days AEL. 
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of membrane sterols were assessed by TLC in Drosophila larvae fed in LDM 
comparatively to the ones fed on YM or LDM + cholesterol.  A high reduction of 
sterol levels in the membranes of lipid-depleted larvae relatively to yeast-fed larval 
membranes was confirmed.  Supplementing LDM with cholesterol reversed this 
reduction (Fig.III-3A).  Moreover, and since TLC is not quantitative, sterol levels 
were quantified in the same larvae either by an enzymatic assay or by gas 
chromatography-mass spectrometry (GC-MS) (Fig.III-3B,C).  Surprisingly, the LDM 
arrested larvae showed a strong reduction of membrane sterols.  Both YM and LDM + 
cholesterol fed larvae contained 9 mol % sterol relatively to phospholipids on 
average.  These sterol levels are in the range predicted by studies in model 
membranes to be required in order to allow lipid phase segregation in membranes 
(Sankaram and Thompson, 1991).  In contrast, LDM-fed larvae showed only 1.5 mol 
% sterol relatively to phospholipids.  This accounted for an amount far lower than 
what was predicted to be possible by studies made in model membranes in order to 
maintain the fluidity of cell membranes. 
 
III-2.4.   Requirements for sterols in cultured insect cells  
 
The results described in the previous sub-section indicate that Drosophila does 
not require sterols in its membranes in order to live for more than half of its normal 
developmental time without further progression through development.  Alternatively, 
and since the sterol quantifications of the previous sub-section were an average of the 
total membranes of the organism, Drosophila might present a high variability 
regarding the membrane sterol requirements of its different tissues.  This supports the 
idea that sterols are not essential to maintain basic biophysical properties of cell 
membranes.  In order to look for further support of this idea, previous results reported 
in insect Kc cells (Silberkang et al., 1983) were reproduced here but in another insect 
cell line, S2R+ (Yanagawa et al., 1998).  Despite incorporating sterols in the 
membranes when these lipids were available in the medium, it was possible to 
observe that this cell line was able to live for many generations in a medium depleted 
of sterols without including them in their membranes (Fig.III-4, red arrow).  In 
cultured cells sterols would be required to maintain cell membrane fluidity and 
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Figure III-3.  Arrested sterol-
depleted larvae reduce membrane 
sterol levels by 6-fold.  (A) TLC 
with the non-saponifiable fraction 
of membrane lipid extracts from 
embryos and differently fed larvae.  
The red arrow indicates sterol 
bands.  (B) Enzymatic 
quantification of membrane sterols 
present in differently fed larvae.  
Lipid-depleted larvae include less 
than 1.5 mol % sterol relatively to 
phospholipids in their membranes.  
(C) Quantification of membrane 
sterols in yeast fed or lipid-
depleted larvae by GC-MS.  
LDM48h = larvae in YM until 48h 
AEL and transferred to LDM after.  
These larvae arrest development on 
the 3rd larval instar. 
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permeability since the sterol-demanding signaling pathways required in an organism 
for its development are inexistent in the in vitro system of cells in culture.  However, 
these cells dispense sterol in their membranes without any apparent phenotype.  Thus, 
sterols are not required to maintain biophysical properties of insect cells in culture. 
 
 
 
Figure III-4.  Insect cells do not require sterols to live for many generations.  TLC showing 
the total cellular lipids of S2R+ cells cultured in media with different amounts of sterol.  
Loading was normalized to phospholipids.   
 
III-2.5.   Requirements for sterols in different tissues 
 
Drosophila larvae fed on LDM reduces membrane sterol levels by 6-fold 
relatively to the siblings fed on YM or LDM + cholesterol, being detected on average 
only 1.5 mol % of sterols relatively to phospholipids in total membrane lipid extracts.  
Is this sterol reduction uniform in all the tissues of the organism?  Or, alternatively, 
are there tissues that have higher demands for membrane sterols and so retain or 
accumulate them in higher amounts than the average?  To answer these questions 
filipin, a fluorescent sterol binding natural compound, was used to stain different 
tissues of arrested lipid-depleted wild-type (Wt) larvae and compared with tissues 
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from Wt or NPC1b mutant larvae both fed on LDM + cholesterol.  NPC1b protein is 
expressed in the midgut epithelium and is essential for growth in the early larval 
stages of development.  NPC1b mutants are severely defected in sterol absorption 
(Voght et al., 2007).  These mutants were used as a genetic model to mimic the sterol 
reduction observed in the lipid-depleted arrested larvae.  The observations can be 
summarized as follows.  In Wt larvae fed on LDM + cholesterol, the filipin staining 
differed in different tissues (Fig.III-5B,G,L,Q), indicating that sterol accumulates to 
different levels in different cell membranes – while filipin staining was barely 
detected in the fat body of these larvae (Fig.III-5L), the strongest staining was seen in 
the midgut (Fig.III-5Q); additionally epithelial tissues such as the salivary glands and 
the gut had sterol enriched in apical membranes (Fig.III-5G,Q); sterol staining was 
also seen in the CNS of these animals (Fig.III-5B).  Wt larvae fed on LDM showed 
tissues overall depleted in sterols (Fig.III-5C,H,M,R) but retaining, however, a more 
or less strong sterol staining in specific cell membranes.  Particularly, the CNS 
mushroom body, composed of fasciculated axon bundles (depicted in blue in cartoon 
of Fig.III-5A) showed no difference in the staining relatively to the same cells of Wt 
larvae fed on LDM + cholesterol although the surrounding glial cells and neuronal 
bodies had decreased levels in sterols (compare Fig.III-5B and C).  Also the apical 
membranes of the gut showed a stronger sterol staining although sterols were not 
detected in the rest of this tissue (Fig.III-5R).  A similar filipin staining to the Wt 
lipid-depleted larvae was observed in the NPC1b mutants fed on cholesterol (Fig.III-
5D,I,N,S).  Overall, these observations indicate that there are tissues with stronger 
requirements for membrane sterols than others.  The axons of the CNS and apical 
membranes retain sterols when challenged with sterol-depleted conditions in contrast 
to the rest of the cells in the same tissues or other tissues in the organism.  These 
observations also indicate that while the average membrane sterol in lipid-depleted 
animals is 1.5 mol % relatively to phospholipids, there are tissues such as the fat body 
that might contain even less.  Concomitantly, other tissues would contain more than 
the average.  The 1.5 mol % of sterols detected in lipid-depleted larvae would, in this 
way, be due to membrane sterols present in the tissues that present higher 
requirements for sterols. 
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Figure III-5.  Sterols are not uniformly distributed in all the tissues of the organism. 2nd instar 
larval tissues (depicted in schematic drawings in A,F,K,P) stained with filipin.  The CNS (B-
E), salivary glands (G-J), fat bodies (L-O) and midguts (Q-T) from Wt larvae fed LDM + 
cholesterol (B,G,L,Q) or LDM alone (C,H,M,R), and from NPC1b mutant larvae fed  LDM + 
cholesterol (D,I,N,S).  (E,J,O,T) Unstained controls of Wt larvae fed LDM + cholesterol.  
Scale bar = 50µm. 
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Summary.  The results presented in section III-2 confirm the 1935 Hobson’s 
predictions that sterols are required for the complete development of D. melanogaster.  
In addition, they show that when larvae are grown under sterol restricted conditions 
they do not die but arrest development for several days being able to resume it when 
put back in a sterol-rich medium.  Under sterol depleted conditions the larvae are able 
to reduce membrane sterols to less than 1.5 mol % relatively to phospholipids without 
dying.  This reduction is, however, not uniform through all the tissues in the 
organism. There are tissues that seem to have stronger demands for membrane sterols 
– this is the case for the axon bundles in the CNS.  Taking also into account that 
insect cell lines do not require sterols in the medium to grow for many generations, 
overall these results indicate that, at least in some tissues, membrane sterols are not 
required to maintain the biophysical properties of the membranes required for life.  
 
 
III-3.   The sterol-depletion developmental arrest 
- how to live with 1.5 mol % sterol in the membranes? – 
 
III-3.1.   Membrane lipid profiles under sterol depleted conditions 
 
According to studies made with model membranes 6 mol % is the minimal 
amount of cholesterol required in order to induce the formation of the membrane lipid 
rafts which are liquid-ordered domains (de Almeida et al., 2003).  Several biological 
functions required for life have been associated with the existence of these domains in 
cell membranes (Pike, 2004, 2005).  Thus, it is surprising to realize that under sterol-
depleted conditions Drosophila’s cell membranes present only 1.5 mol % of sterols or 
even less.  How are these membranes able to maintain fluidity and permeability 
properties required for basic physiological processes to occur?  What other lipids 
show increased levels in lipid-depleted larval membranes that might compensate for 
the loss of membrane sterol?  In order to answer this question, lipid profiles of sterol-
depleted membranes were analyzed by TLC (Fig.III-6A) and the lipid bands that 
differed between the lipid extracts from larvae fed YM and LDM and that were 
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rescued by the addition of sterol to the LDM were further analyzed by mass 
spectrometry (MS).  The analysis demonstrated that these bands contained unusual 
structural variants of Ceramides and Hexosylceramides that harbored an additional 
double bond in the long chain base (Fig.III-6B and Fig.S1).  These variants were 
structurally similar to sphingolipids previously found in another insect, Manduca 
sexta, where they were associated with the presence of lipid rafts (Abeytunga et al., 
2004).  A significant proportion of these sphingolipids contained N-amid bound 
alpha-hydroxy fatty acid moieties (Fig.III-6B and Fig.S1).   
Total membrane lipid extracts from animals fed with YM, LDM or LDM + 
sterol were also analyzed.  This MS profiling (Schwudke et al., 2007) indicated that 
lipid depletion induces a complex perturbation of the membrane lipidome, but that 
only a subset of these changes are caused by removal of sterols (Fig.III-6C and 
Fig.III-8).  Particularly relevant is the quantification of the major Ceramide, 
Ceramide-PE and Hexosyl-Ceramide n:2;3 species which showed a 10 to 20-fold 
increase due to sterol depletion while the content of sphingolipid n:2;2 species 
increased 4-12 fold (Fig.III-7 and Fig.III-8) – these changes were not dependent on 
developmental stage (Fig.S2).  In addition, other alterations in the lipidome of the 
lipid-depleted larval membranes relatively to membranes from YM or LDM + sterol 
were detected (Fig.III-8).  These included changes in chain lengths of the fatty acids 
of the glycerophospholipids – PC presents longer fatty acids in the membranes of 
lipid-depleted larvae.  Additionally, ether lipids were only detected in the membranes 
of larvae fed LDM (Fig.III-8).  
 
 (see figure next page) 
Figure III-6.  (A) TLC of membrane lipids from larvae fed as follows: Lane 1: YM.  Lane 2: 
LDM for 4 days.  Lane 3: YM until 48hr AEL, then LDM for 6 days – arrest on the 3rd larval 
stage.  Lane 4:  LDM + 1.24 µg/ml cholesterol.  Lane 5: LDM + 6.2 µg/ml cholesterol. Lane 
6: LDM + 6.2 µg/ml stigmasterol.  Lane 7: LDM + 6.2 µg/ml ergosterol.  Red arrows indicate 
bands that appear in response to lipid depletion and are decreased by sterol feeding.  Asterisk 
indicates a band that increases in larvae fed YM.  (B) Structures of sphingolipids detected by 
mass spectrometry.  These lipids contain long chain bases with 14 and 16 C-atoms and N-
amidated fatty acid moieties of 18 to 24 C-atoms (even numbers only).  Major fatty acids are 
20:0 and 22:0.  Structure nomenclature = n:a;b, (n = number of carbons, a = number of double 
bonds, in blue and b = number of hydroxyl groups, in red).  R = headgroup (H for ceramides, 
Hex for hexosyl ceramides or PE for phosphatidylethanolamine ceramides).  (C) Principal 
component analysis (PCA).  Left panel: PCA plot.  Right panel: Loading plot.  Top-down 
analysis recognized 80 lipid peaks in membrane lipid extracts (3 independent experiments).  
Larvae were fed on YM (black); LDM for 4 days (red); YM until 48h AEL then LDM for 6 
days (LDM48h, red); LDM + 6.2 µg/ml cholesterol (green); or on LDM + 6.2 µg/ml  
ergosterol (green).  The clustering of the red, green and black dots reveals diet-specific 
changes in fly membrane lipidome.  Lipid abundance was normalized to the median peak 
ratios of sample YM1.  Selected representative response profiles of various lipids are depicted 
in Fig.III-8. Three independent experiments were done for each type of media. 
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Figure III-6.  Sterols regulate membrane lipid composition (see figure legend on previous page). 
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Figure III-7.  Membrane sterol depletion is compensated by increasing the levels of specific 
sphingolipids.  Quantification of sphingolipids by mass spectrometry.  The abundance of 
diferent Ceramides, HexosylCeramides and PE-Ceramides present in membranes of larvae fed 
with YM or LDM is plotted and normalized to the value for larvae fed on YM. 
 
 
 
 
 
(see figure next page) 
Figure III-8.  Dietary sterol availability determines cell membrane lipid profiles.  (A) 
Lipidomics screens allowed to monitor 80 lipids of 11 classes.  A representative selection of 
response profiles identified by accurate mass measurements is shown.  Peak intensities were 
normalized to the median peak ratios of sample YM1 resulting in the presented responses.  In 
each panel, lipids are identified by the accurate mass value and assigned a lipid name. 
*=Molecule showed neutral loss of water during the ESI process.  (B) Variations in fatty acid 
chain length of different glycerophospholipids (PC, left panel and PE, right panel) in 
membranes of Drosophila larvae fed different diets. Under sterol depleted conditions, fatty 
acid chain lengths of PCs increase.  In both panels, (A) and (B), the colors distinguish in 
between different larval diets: black, YM=yeast media; red, LDM=lipid-depleted media or 
LD48h=larvae transferred from YM to LDM 48hrs AEL, arresting on the 3rd larval stage; 
blue, LDM supplemented with a 6.2 µm/ml sterol, either cholesterol (Chol) or ergosterol 
(Erg). 
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Figure III-8.  
Dietary sterol 
availability 
determines cell 
membrane 
lipid profiles. 
(see figure 
legend on 
previous page) 
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III-3.2.   Requirement for an equilibrium between membrane sterols and 
specific sphingolipids 
 
Are the changes observed in the membrane lipid profiles relevant for the arrest 
of sterol-depleted animals allowing them to survive under these conditions?  To 
investigate this, the levels of different sphingolipids were perturbed.  No enzyme that 
produces sphingolipid bases with 2 double bounds has yet been identified, however 
the Drosophila genome contains a single homologue of Fatty acid 2-hydroxylase 
(FA2H).  This enzyme is thought to generate the alpha-hydroxy fatty acids that are 
present in ceramides and sphingolipids (Maldonado et al., 2008; Mizutani et al., 2008; 
Uchida et al., 2007).  
It was confirmed by altering FA2H levels by RNAi or UAS-driven expression 
(Fig.III-9) that this enzyme regulates fatty acid hydroxylation of sphingolipids in 
Drosophila The levels of these specific sphingolipids were changed as follows: 
ubiquitous induction of FA2HRNAi in lipid-depleted animals decreased the content 
of sphingolipids with hydroxylated fatty acids (Cer n:2;3 and Cer-PE n:2;3 in Fig.III-
9, red arrows).  It concomitantly increased the abundance of sphingolipids with non-
hydroxylated fatty acids (green arrows in Fig.III-9).  FA2HRNAi did not affect the 
profile of sphingolipid structural variants in animals fed YM, which already have very 
low levels of fatty acid hydroxylation in sphingolipids (Fig.III-9).  Moreover, 
overexpression of FA2H increased the proportion of sphingolipids with hydroxylated 
fatty acids, but did so mainly by reducing the abundance of species with non-
hydroxylated fatty acids.  Although sphingolipids with a single double bond in the 
long chain base never appear to contain hydroxylated fatty acids, their abundance was 
also decreased by FA2H over-expression (Fig.III-9).  One possible explanation for 
this observation might be that FA2H over-expression depletes the pool of non-
hydroxylated fatty acids available for incorporation into sphingolipids. 
To test whether the increased ratio of fatty acid-hydroxylated sphingolipids 
was important for survival when membrane sterols were low, the survival of Wt and 
FA2HRNAi larvae on LDM was compared.  Sterol depleted FA2HRNAi animals died 
on average 24 hours earlier than Wt animals that were sterol depleted (Fig.III-10).  In 
contrast, FA2HRNAi had no effect on survival, developmental timing or body size of 
larvae fed YM (Fig.III-10B,C).  The survival of Wt and UAS-FA2H both on YM and 
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LDM was also compared (Fig.III-10D-F).  Overexpression of the FA2H reduced 
viability in both types of media.  This could be due to a vital requirement for the non-
hydroxylated sphingolipids that are normally present in well-fed Wt larvae, but 
depleted when FA2H is overexpressed.  
Overall these data indicate there should exist an equilibrium between 
sphingolipid and sterol membrane levels in order for the larvae to live.  Particularly, 
sphingolipids with hydroxylated fatty acids may help to maintain normal membrane 
properties when sterol levels are reduced.  
 
 
 
Figure III-9.  Levels of different sphingolipids (measured by mass spectrometry) in 
Drosophila larval membranes resulting from ubiquitous downregulation (FA2HRNAi) or 
overexpression (UAS-FA2H) of fatty acid 2-hydroxylase (FA2H) when larvae are fed on YM 
or LDM.  The numbers indicate the fold change in abundance compared to identically fed Wt 
larvae in each experiment done.  Arrows indicate statistically significant changes (p<0.05).  4d 
= 4 days AEL; 5d = 5 days AEL; n.d.=not determined. 
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Figure III-10.  Requirement for an equilibrium between membrane levels of sterols and 
sphingolipids for optimal survival.  (A-C) Downregulation of the expression levels of FA2H 
by RNAi.  (A) Death rate of control larvae that do not express FA2HRNAi (FA2HRNAi/+, 
green) or FA2HRNAi (red) larvae fed on LDM.  Graphs depict three different experiments and 
indicate percentage of larvae dying per day in one experiment.  Control larvae survival time is 
defined as the day on which the last larva died.  The percentage of living larvae for both 
control and FA2HRNAi was measured when half this time had passed. For example, 75% of 
control larvae and 43% of FA2HRNAi larvae are alive at this time in experiment 1.  In the 3 
experiments, an average of 58% control and 34% FA2HRNAi larvae were alive at the mid-
survival time of control larvae (p<0.05).  (B) Percentage of control and FA2HRNAi animals 
dying as pupae or completing adult development when fed YM.  (C) Control and FA2HRNAi 
larvae fed on YM do not differ in size.  (D-F)  Upregulation of expression levels of FA2H 
using the UAS/Gal4 system.  (D) Percentage of alive larvae along time relatively to the initial 
number of larvae. Three experiments were averaged.  Control larvae (UAS-FA2H/+) that do 
not overexpress the FA2H live on average 24h more than the larvae ubiquitously 
overexpressing FA2H (UAS-FA2H/tubg4).  (E) Percentage of control and UASFA2H animals 
dying as pupae or completing adult development when fed YM.  Over-expressing FA2H 
decreases survival under high dietary sterol levels.  (F) Control and UASFA2H adults fed on 
YM do not differ in size. 
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Summary.  Section III-3 described evidences regarding specific changes in cell 
membrane lipid profiles as a consequence of sterol depletion in these bilayers.  
Particularly the upregulation of specific sphingolipids with hydroxylated fatty acid 
moieties might be a compensatory mechanism for the loss of membrane sterol that 
would allow the maintenance of the basic biophysical properties, such as 
impermeability and fluidity, of biological membranes in the absence of those lipids - a 
genetic manipulation of the levels of sphingolipids with hydroxylated fatty acid 
moieties reduced the ability of the larvae to survive under sterol depleted conditions. 
 
 
III-4.   Sterol requirements for adult emergence  
- structural vs signaling demands - 
 
Why the developmental arrest of D. melanogaster larvae when depleted of 
sterols?  What are sterols required for in order for this organism to complete 
development?  As already mentioned the answer to these questions requires the 
distinction between structural (incorporation of sterols into the membranes) and 
signaling functions of sterols.  In this section results are presented from which it is 
possible to take some conclusions regarding these issues. 
 
III-4.1.   Dietary sterols are required during the whole development of 
Drosophila 
 
The requirement for sterol restricted to a specific stage of development would 
strongly indicate these lipids would be required mainly for signaling purposes (e.g. 
synthesis of sterol derived molecules) at that stage in development.  In order to know 
if dietary sterols are required along all development of Drosophila or only at specific 
developmental time points, larvae were fed first on YM during different amounts of 
time and then transferred to LDM.  Larvae transferred at 2nd instar were unable to 
complete development arresting at the 3rd larval stage.  In contrast, the transfer of 
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larvae at early and late 3rd instar allowed pupariation with high success, 80 % and 99 
% of total larvae, respectively.  However, the larvae transferred to LDM at early third 
instar gave rise to fewer adults and smaller due to decreased larval growth.  These 
results indicate that sterols are required during all the development of Drosophila 
until the emergence of adults.  Moreover, they also indicate that sterols are supporting 
larval growth (Fig.III-11).  It is important to keep in mind that sterol catabolism does 
not produce energy (Haines, 2001), meaning that any potential function for sterols in 
regulating growth would not be based on a nutritional role (ATP production) for these 
lipids.  
 
 
 
Figure III-11.  Sterols are required during the whole development of Drosophila.  (A) 
Developmental stages reached when Drosophila larvae are transferred from YM to LDM at 
different times of larval development.  (B) Weight of adult females transferred from YM to 
LDM either at early (72h AEL) or late (96h AEL) 3rd larval instar.  The adults transferred at 
these two time points showed a difference of 20% in their weights on average. 
 
 
III-4.2.   Ecdysone is partially responsible for the sterol-depleted arrest 
 
Since it was observed that sterols were required along all the larval 
development (see previous sub-section), and since it is known that Drosophila, like 
all the insects demands the synthesis of a sterol derived hormone, ecdysone, required 
during the whole development, it is intuitive to ask if the unavailability of ecdysone 
when sterols are removed from the Drosophila’s diet would be the reason for the 
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larval arrest.  To answer this question, Drosophila larvae were fed in LDM 
supplemented with ecdysone.  The addition of ecdysone to the LDM did not allow a 
complete development of Drosophila but it did rescue the molting to the 2nd instar 
(Fig.III-12).  While when fed only LDM 50 % of the larvae arrested on the 1st larval 
stage and 50 % on the 2nd, the addition of ecdysone made almost all larvae to reach 
the 2nd larval instar.  These results show that the sterol-depleted arrest is partially due 
to the lack of ecdysone. 
 
 
 
Figure III-12.  Sterol-depleted developmental arrest is partially due to lack of ecdysone.  
Development of Drosophila larvae fed in LDM alone or in LDM supplemented with 1µg/ml 
ecdysone.  Ecdysone rescues molting to the 2nd instar under sterol-depleted conditions. 
 
III-4.3.   Adult size is dependent on the availability of sterol 
 
The only partial responsibility of ecdysone, the main steroid derived signaling 
molecule known in insects, in the sterol-depletion arrest (see previous section) 
indicates that in order to develop, Drosophila larvae might require membrane sterols.  
To investigate this further the levels of sterol available in the food were down titrated 
in order to know how much sterol would be required for adult development.  The 
rational for these experiments was that the signaling functions for sterols would 
demand much less sterol than the amount required to fulfill membrane requirements.  
95 % of larvae grown on plates containing 6.2 µg/ml cholesterol completed adult 
development, 60 % emerged when fed with 1.24 µg/ml, and no adults emerged when 
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larvae were fed with 0.12 µg/ml cholesterol (Fig.III-13A).  Interestingly, between 
0.31 and 6.2 µg/ml cholesterol, adult body size was proportional to the amount of 
sterol present in the food (Fig.III-13B,C).  Increased amounts of cholesterol added to 
LDM increased body size mainly by increasing cell number, though it also slightly 
increased cell size (Fig.III-13D).  Thus, the amount of available dietary sterol is 
limiting not only for molting and pupariation, but also for tissue growth.  As it was 
referred before, cholesterol cannot be converted into ATP, meaning that this effect 
should not be a consequence of nutritionally increased fat storage. 
Due to the observation of a response in adult body size to a range of available 
dietary sterol levels, and since in order to grow organisms need to produce 
membranes, it was hypothesized this response might happen in order to maintain 
membrane sterol levels above certain values as decreasing amounts of these lipids 
were added to the LDM.  To confirm this, membrane sterol levels were quantified in 
larvae fed 1.24 µg/ml cholesterol supplemented to the LDM.  This was the minimal 
concentration of dietary sterol to which at least half of the animals developed to 
adults.  The adults developed under these dietary sterol restrictions were on average 
20% smaller than the ones fed 6.2 µg/ml sterol, the minimal amount of sterol for the 
larvae to achieve maximum growth and allow the emergence of the biggest adult flies 
developed in LDM + cholesterol – above this amount the larvae did not grow further.  
The quantification showed that the larvae fed 1.24 µg/ml cholesterol did not contain 
less membrane sterol than the larvae fed on higher amounts of sterol, either added to 
LDM or present in the yeast of the YM (Fig.III-13E).  These results support the idea 
that in order to complete development Drosophila requires a minimal amount of 
membrane sterol.  
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Figure III-13.  Adult body size is responsive to dietary sterol levels.  (A) Percent of adults 
emerging from larvae fed different amounts of cholesterol.  (B) Average weights of adult 
females fed as larvae with different amounts of cholesterol supplemented to LDM.  Red 
square = average weight of adult females fed YM.  (C) Adult female flies developed on 
indicated amounts of cholesterol supplemented to LDM.  (D) Average wing area, cell area 
and cell number in wings from adult females fed LDM supplemented with different amounts 
of cholesterol.  (E) Average membrane sterol concentration in different membrane lipid 
extracts calculated as the mol % with respect to phospholipids. 
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III-4.4.   Development to adulthood requires membrane sterol 
 
The previous sub-sections of section III-3 have already described results that 
strongly indicate that in order to complete development, D. melanogaster requires 
membrane sterols.  However, and in order to solidify these indications by 
distinguishing in between requirements in the membranes and production of steroid 
derived signaling molecules, Drosophila larvae were fed with naturally occurring and 
synthetic sterols that presented differences in their structures.  All the sterols fed to 
the larvae had the structural requirements in order to be included into membranes (a 
planar ring structure, 3’ hydroxyl group and an alkyl side chain).  For this reason it 
was predicted that all the sterols chosen would be able to fulfill the structural 
functions assigned for these lipids in the membranes.  However, not all of them were 
predicted to be usable for synthesis of signaling molecules.  For example,
 
 
 
Figure III-14.  Structures of ecdysone and different sterols added to LDM used to feed 
Drosophila larvae.  Green shaded sterols support adult development.  Pink shaded sterols do 
not. Cholesterol is depicted with the numbering system indicating different carbons.  Red 
highlights structural regions that differ from cholesterol. 
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the fluorination of the C-25 in 25-F-cholesterol was predicted to prevent one 
hydroxylation required to synthesize ecdysone (Fig.III-14). 
Many different sterols were capable of supporting development of Drosophila 
larvae to adults as already indicated by other studies (Behmer  and Nes, 2003; 
Clayton, 1964; Cooke and Sang, 1970).  In addition to cholesterol, these included 
plant sterols (stigmasterol and sitosterol), 7-dehydrocholesterol and cholestanol.  In 
contrast, neither ergosterol, desmosterol or 25-F-cholesterol supported adult 
development.  Ergosterol is the main sterol present in fungi, desmosterol a direct 
precursor of cholesterol in the mevalonate pathway and 25-F-cholesterol, a 
chemically synthesized sterol.  Animals fed with these sterols reproducibly arrested 
development at two specific stages: either in the first larval instar (desmosterol and 
25-F-cholesterol) or in the third larval instar (ergosterol) (Fig.III-15). 
 
 
 
Figure III-15.  Not all sterols support a complete development of Drosophila melanogaster. 
Developmental stages reached by Drosophila when fed with the indicated sterols 
supplemented to LDM (green-shaded sterols supported complete development of Drosophila 
while pink-shaded did not). 
 
Failure of these sterols to support adult development might occur mainly due 
to two reasons.  First, if they would not fulfill the assigned functions for sterols in cell 
membranes.  Second, if they would not be usable as substrates for the biosynthesis of 
signaling molecules.  To distinguish in between these possibilities, either a small 
amount of cholesterol, which would not support complete development by itself, or 
ecdysone was added to the sterols that did not support complete development.  The 
predicted ability of the small amounts of cholesterol to support adult development 
when added to the non rescuing sterols would support the idea the reason those sterols 
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did not support a complete development of Drosophila would not rely on any toxic or 
non functional aspect of the sterol in the membrane but in a incapability of producing 
required steroid-derived signaling molecule(s).  The 0.13 µg/ml cholesterol used 
corresponds to 50-fold less cholesterol than the amount normally used (6.2 µg/ml 
sterol) to supplement LDM and that allows the development of the biggest adult flies 
fed on LDM + sterol (Fig.III-13B).  0.13 µg/ml cholesterol added to LDM does not 
support complete development (Fig.III-16A, yellow line).  It was hypothesized, 
however, this amount would be enough to produce signaling steroid-derived 
molecules such as ecdysone since the larvae fed with it are able to reach the 3rd larval 
stage in 40 % of the hatched embryos although with a very reduced growth (not 
shown).  In addition, by supplementing ecdysone to sterols that would not support a 
complete development of Drosophila it was expected to find other possible required 
steroid-derived signaling molecules in addition to ecdysone in case these would not be 
able to be produced from the non-rescuing sterols. 
While animals fed with either 6.2 µg/ml desmosterol or ergosterol did not give 
rise to adults, supplementation with 0.13 µg/ml cholesterol allowed 40 % of 
desmosterol-fed animals (Fig.III-16A) and 83 % of ergosterol-fed animals (Fig.III-
16C) to complete development.  Desmosterol is the only sterol detected in membrane 
lipid extracts of larvae fed with 50:1 desmosterol:cholesterol (Fig.III-16D).  
Moreover, larvae fed with desmosterol or ergosterol supplemented with small 
amounts of cholesterol gave rise to adults that did not differ in their weight relatively 
to the adults fed with 6.2 µg/ml cholesterol (Fig.S3).  These data suggest that 
desmosterol and ergosterol can fulfill structural and functional requirements in the 
membranes, but they cannot be used to synthesize one or more important signaling 
molecules able to be synthesized by 50-fold less amount of cholesterol. 
While desmosterol-fed animals could be rescued to adulthood by 2% of the 
molar amount of cholesterol, 25-F-cholesterol fed animals could not (Fig.III-16A).  
This sterol may not function normally in membranes, despite being efficiently 
incorporated (Fig.III-16E).  Alternatively, it may dominantly inhibit the activity of 
enzymes required for the synthesis of signaling molecules. 
The addition of ecdysone to the non-rescuing sterols allowed to conclude 
about the existence of an additional sterol-derived signaling molecule required for the 
larvae to pupae transition.  While 100% of larvae fed desmosterol or 25-F-cholesterol 
alone arrested in the 1st instar, 30% of animals supplemented with ecdysone became 
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full-sized third instar larvae (Fig.III-16B).  This confirms that ecdysone is needed for 
larval molting, and indicates that neither desmosterol nor 25-F-cholesterol can be used 
to synthesize it.  The fact that ecdysone added to LDM could only support 
development to the 3rd instar if in the presence of dietary sterols indicates that both 
ecdysone and membrane sterol are needed to reach this stage.  Since ecdysone did not 
rescue pupariation of desmosterol and 25-F-cholesterol-fed larvae, an additional 
sterol-derived signaling molecule may be required for the larval to pupal transition. 
Ergosterol-fed larvae progressed normally through larval development, 
indicating that this sterol can be used for ecdysone biosynthesis.  However, they 
arrested at the end of the third larval instar (Fig.III-15, red line and Fig.III-16C).  
These larvae appeared morphologically normal and have well developed imaginal 
tissues.  Furthermore, Hh, a morphogen with a sterol modification at the amino-
terminal fragment, did not show alterations in its signaling in these animals – Hh and 
Hh targets concentration gradients were similar in wing discs either from larvae fed 
on cholesterol or ergosterol (Fig.III-17).  Thus, ergosterol-fed larvae do not fail to 
pupariate as an indirect consequence of abnormal development.  Do ergosterol-fed 
larvae fail to produce or to respond to the high-level peak of ecdysone at the larvae to 
pupae transition?  To answer this question the production of Broad-Complex proteins, 
normally induced by this peak of ecdysone existent at the larvae to pupae transition 
(Emery et al., 1994; Karim et al., 1993), was compared between larvae fed on 
cholesterol and on ergosterol.  While in cholesterol-fed animals, Broad-Complex 
proteins began to accumulate several hours after hatching and pupariation occurred 
around the 7th-8th day AEL, in ergosterol-fed animals, Broad accumulation was 
delayed, and Broad protein levels never reached those observed in cholesterol-fed 
animals (Fig.III-16F).  The fact that addition of exogenous ecdysone was unable to 
induce pupariation in ergosterol-fed animals may suggest that is the response to 
ecdysone and not its production that is defective in these animals at the larvae to 
pupae transition. 
Taken together, these data show that complete development of Drosophila 
until adulthood depends on both membrane sterol and on the synthesis of steroid-
derived molecules, ecdysone and at least one additional that is not able to be 
synthesized from ergosterol, desmosterol or 25-F-cholesterol. 
 
RESULTS 
 50 
 
Figure III-16.  Adult development of Drosophila melanogaster requires sterols for both 
structural and signaling functions.  (A), (B), (C) Developmental stages reached by Drosophila 
when fed with the indicated sterols +/- ecdysone supplemented to LDM.  (D) Argentated 
TLC, which optimizes separation of sterols, showing membrane lipid extracts of larvae fed 
LDM + 6.2 µg/ml desmosterol and 0.13 µg/ml cholesterol (LDM+D+C) or 1 µg/ml of 
ecdysone (LDM+D+E).  Desmosterol is the only detectable membrane sterol.  Red arrow 
indicates desmosterol. (continuation on next page) 
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Summary.  Section III-4 shows that Drosophila membrane sterols can be 
generally downregulated in the organism to 1.5 mol % relatively to phospholipids 
during the developmental arrest caused by sterol depletion.  In contrast, this section 
includes a set of results that strongly indicate that Drosophila, in order to complete 
development, does require membrane sterols in addition to the sterol requirements for 
synthesis of steroid-derived signaling molecules, ecdysone and at least another 
molecule necessary for the larvae to pupae transition.  Moreover it was also possible 
to conclude that larval growth is dependent on the availability of dietary sterols.  
 
 
III-5.   How do sterols regulate growth? 
- some insights - 
 
In the previous section some strong evidences were presented that indicate 
sterols as regulators of Drosophila’s growth.  How would sterols regulate growth?  In 
this section results are presented regarding the testing of some candidate pathways 
that could be involved in this process.  The results presented give only some insights 
into the answer of how sterols might regulate growth without answering clearly to it. 
 
 
 
 
 
Figure III-16 - continuation from previous page  
(E) TLC of membrane lipids from first instar larvae fed with YM or from arrested first instar 
larvae fed with LDM + 6.2 µg/ml desmosterol (LDM+D) or 6.2 µg/ml 25-F-cholesterol 
(LDM+25FC).  Red arrow indicates sterol bands (cholesterol, desmosterol and 25-F-
cholesterol migrate slightly differently).  Desmosterol and 25-F-cholesterol are incorporated 
into membranes.  The band indicated by a yellow asterisk only appears in membranes of 
larvae fed on YM.  (F) Whole larval extracts probed with anti-Broad-core domain.  Broad 
protein levels rise by 5 days AEL in larvae fed on YM and by 7-8 days in larvae fed LDM + 
6.2 µg/ml cholesterol (LD+Chol) (just prior to pupariation).  The levels of these proteins do 
not rise in ergosterol fed larvae (LD+Erg). 
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III-5.1.   Cholesterol substitution does not perturb Hedgehog signaling 
 
Morphogens are responsible for patterning of tissues and also implicated in 
coordinating it with growth (Rogulja and Irvine, 2005).  In Drosophila, 
undifferentiated tissues, the imaginal discs, are the precursors for the adult appendices 
such as the eyes, legs and wings.  These tissues require expression of specific 
patterning genes in order for a correct development of the adult structures.  This is 
Figure III-17.  Cholesterol substitution does not disturb Hedgehog (Hh) signaling and 
wing disc development.  3rd instar imaginal wing discs from Wt larvae fed on LDM 
supplemented with either 6.2 µg/ml cholesterol (A-C), 6.2 µg/ml ergosterol (D-F) or 6.2 
µg/ml desmosterol + 1 µg/ml ecdysone (G-I) stained for Hh (A, D, G and C, F, I, red) and 
Cubitus interruptus (Ci) (B, E, H and C, F, I green).  Discs were processed in parallel and 
imaged under identical conditions on the same day.  Scale bar = 30 µm for all the panels.  
Blue line indicates anterior-posterior boundary.  Hh distribution and Ci stabilization do not 
show obvious differences. 
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achieved by local expression of morphogens like Hh and their spread along the tissues 
(Serrano and O'Farrell, 1997).  It has been reported that a delay in pupariation can be 
a consequence of abnormal imaginal growth (Simpson et al., 1980; Stieper et al., 
2008).  Although the sterol modification of Hh, dietary sterol depletion does not 
perturb Hh signaling (Panáková et al., 2005), suggesting that this pathway is not 
responsible for the larval growth arrest observed under sterol depleted conditions.  
What about cholesterol substitution?  Does it affect Hh signaling?   
It was hypothesized the reason why larvae fed some sterols are unable to 
pupariate could be due to defects in Hh signaling that would lead to wing discs 
malformation and growth.  However, discs from larvae grown on ergosterol or on 
desmosterol + ecdysone were of normal size and appearance, and showed no obvious 
alterations in Hh distribution or signaling range compared to larvae raised on 
cholesterol (Fig.III-17).  Thus, sterols that do not support complete development of 
Drosophila do not do it due to abnormal Hh signaling. 
 
III-5.2.   Growth of imaginal discs is promoted by ecdysone 
 
Clearly, from section III-3.2, ecdysone cannot promote growth in the absence 
of membrane sterol.  However, we observed that larvae fed with desmosterol and 
ecdysone often arrested as large 2nd instar larvae.  Surprisingly, these larvae presented 
well-developed wing imaginal discs of a size characteristic of the ones present in third 
instar larvae (not shown) - second larval instar discs are normally not visible under a 
dissection microscope.  Thus, we raised the possibility that ecdysone was required, in 
addition to membrane sterol, to promote growth.  To test whether ecdysone receptor 
activity was autonomously required for imaginal growth, a dominant negative 
ecdysone receptor (DN-EcR), which is unable to respond to ecdysone (Cherbas et al., 
2003), was expressed in the dorsal compartment of the wing imaginal disc.  DN-EcR 
autonomously reduced both the mitotic rate and the size of the dorsal compartment 
(Fig.III-18A,C,D).  In contrast, reducing EcR levels by RNAi caused autonomous 
overgrowth of affected tissue (Fig.III-18B,C).  These data are consistent with the 
hypothesis that in the absence of its ligand (ecdysone or 20E) EcR would repress 
growth.  Concomitantly, binding of ecdysone would promote growth by relieving 
repression.  A similar situation was reported in sensory organ precursor cells in the 
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relief of EcR-mediated repression of neuronal differenciation (Schubiger et al., 2005).  
Thus, ecdysone is required not only for molting, but can directly promote imaginal 
growth as long as bulk membrane sterol is present. 
 
 
Figure III-18.  Ecdysone autonomously promotes growth (see figure legend next page). 
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III-5.3.   Sterols regulate growth through a mechanism independent of the 
Insulin signaling pathway 
 
It is clear from the previous results that variations in dietary sterol availability 
cause a variation in the size of Drosophila adults, a consequence of differences in 
larval growth.  A possible explanation for the smaller size of flies developed in 
suboptimal concentrations of sterol would be based on a reduction of the insulin 
signaling pathway, a major regulator of Drosophila body size (Brogiolo et al., 2001; 
Chen et al., 1996) - flies in which Insulin signaling is lowered are smaller, due both to 
changes in cell number and cell size.  Furthermore, there are no studies regarding a 
response of this pathway specifically to dietary sterols – often, starvation is induced in 
order to decrease the Insulin signaling pathway by growing larvae on sugar alone 
(Britton et al., 2002).  To investigate whether growth on LDM reduced Insulin 
signaling, the fat bodies of animals grown on different media were stained with 
antibodies against dFoxo.  This transcription factor can be used as a read-out for the 
activity of the Insulin signaling pathway.  An active pathway reduces the efficiency of 
dFoxo translocation from the cytoplasm to the nucleus (Puig et al., 2003).  Compared 
with larvae fed on YM, those fed on LDM showed a higher proportion of dFoxo in 
the nucleus compared with the cytoplasm, suggesting that Insulin signaling was 
inhibited (Fig.III-19, A-F).  Sterol addition did not reverse the increased nuclear 
accumulation of dFoxo (Fig.III-19, G-I) in the stained 2nd instar larval fat bodies.  
Thus, sterol deficiency does not cause growth arrest by inhibiting Insulin signaling via 
dFoxo.  
 
Figure III-18 (see figure in previous page).  Ecdysone autonomously promotes growth.  (A) 
Wild-type wing discs (I-IV), and wing discs that have overexpressed a dominant negative 
ecdysone-receptor (EcR-DN) in the dorsal compartment for 24 hours (V-VIII) stained with 
Phalloidin probe (I, V and IV, VIII, red), phospo-histone-H3, that allows the identification of 
cells in mitosis, (II, VI and IV, VIII green) and EcR-B1 isoform (III, VII and IV, VIII, blue).  
EcR-DN expression decreases the number of dividing cells.  (B) Wild-type wing discs (I-III) 
and discs that have expressed dsRNA against EcR in the dorsal compartment for 3 days (IV-
VI) stained with anti-Phalloidin (I, IV and III, VI, red) and (with anti-EcR (II, V and III, VI, 
blue).  EcRRNAi causes autonomous overgrowth.  In both (A) and (B) the scale bar = 50 µm; 
yellow lines indicate the dorsal/ventral boundary.  (C) Area of the dorsal, D, compartment 
including the hinge relative to the total, T, area of the wing disc in 3rd instar larvae either wild-
type (Wt), over-expressing EcR-DN or dsRNAi in the dorsal compartment.  (D) Number of 
phospho-histone H3 (PHH3)-positive cells per 100 µm2 in both dorsal and ventral 
compartments of the wing pouch in Wt wing discs or discs over-expressing EcR-DN in the 
dorsal compartment.  p values are indicated when the differences are significative. 
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Figure III-19.  Insulin signaling does not respond to sterols.  2nd instar fat bodies stained with 
anti-dFoxo (A, D, G and C, F, I, green) and DAPI (B, E, H and C, F, I, blue).  Larvae were 
fed either with YM (A-C), LDM (D-F), or LDM + 6.2 µg/ml cholesterol (G-I).  Scale bar = 
50 µm for all panels.  Red arrows show examples of nuclei.  Addition of cholesterol does not 
reverse nuclear accumulation of dFoxo, but rescues nuclear size, an indicator of polyploidy. 
 
III-5.4.   An additional hydrophobic non-sterol nutrient is required for 
normal growth rate and body size 
 
The data presented in the previous sub-section suggests that a non-sterol 
hydrophobic molecule present in yeast is required for normal levels of Insulin 
signaling during larval development.  Even flies fed on maximal amounts of
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Figure III-20.  Drosophila’s optimal growth requires a hydrophobic compound in addition to 
sterols.  (A) TLC showing the lipid content of asolectin from soybean (Sigma #11145) used as 
a supplement.  (B) Adults developed from larvae fed on yeast (YM, blue line) emerge 1 to 2 
days before those fed on either LDM + 6.2 µg/ml cholesterol (LDM+Chol, green line) or 
LDM + 6.2 µg/ml cholesterol + asolectin from soybean (LDM+Chol+SB, red line).  (C) 
Adults developed from larvae fed on yeast are bigger than those from larvae fed either on 
LDM + cholesterol (LDM+Chol) or on a LDM + cholesterol + asolectin from soybean 
(LDM+Chol+SB). 
 
cholesterol did not achieve the size of flies grown on yeast (Fig.III-13B, red square).  
Moreover, animals fed with YM were faster in reaching adulthood than the larvae fed 
on LDM + cholesterol – YM-fed animals emerged on average 2 days earlier than their 
siblings fed on LDM + cholesterol (Fig.III-20B).  Slow growth and smaller body size 
were also characteristic of animals fed with plant sterols added to LDM (data not 
shown).  Thus, normal growth rate and body size depend not only on the presence of 
sufficient dietary sterol, but also on an additional nutrient present in yeast to which 
Insulin signaling might be responsive.  What compound could this be?  Since LDM is 
rich in sugars and amino acids, it was hypothesized that this compound could be a 
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lipid, reduced in LDM due to organic extraction.  Soybean asolectin, which is 
characterized as a mixture of phospholipids (Fig.III-20A), was supplemented to the 
LDM + cholesterol.  Asolectin addition did not rescue late emergence or small size 
(Fig.III-20B,C).  Thus, levels of dietary lipid in general do not influence growth.  
These data suggest that optimal growth of Drosophila larvae requires not only sugar, 
amino acids and sterols, but an additional, as yet unidentified yeast-derived nutrient.  
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IV.   DISCUSSION 
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In this project, Drosophila melanogaster was used as a model organism to 
study general sterol requirements in eukaryotic organisms by specifically assessing 
the need for these lipids in biological membranes.  Although sterols have also 
important signaling functions, from studies made with model membranes it is a 
general idea that eukaryotic membranes would not be functional without sterols 
included.  Sterols have been shown to optimize permeability (Haines, 2001) and 
fluidity (Ahmed et al., 1997), properties of membranes that have to be tightly 
regulated in order to allow the occurrence of biological functions.  They also form 
membrane microdomains enriched in sphingolipids, which are thought to be 
important for protein sorting and signaling (Sengupta et al., 2007; Simons and Ikonen, 
1997). 
To fulfill the aim proposed it was necessary to distinguish in between 
membrane sterol requirements from the ones necessary for the synthesis of steroid-
derived signaling molecules.  It is important to keep in mind that membranes might 
require sterols to fulfill different functions.  These include the functions predicted to 
exist from observations made in model membranes with focus on biophysical 
properties such as permeability and fluidity.  Additionally, membrane sterols may also 
fulfill a functional requirement for these lipids by allowing a certain membrane 
environment optimal for the incorporation and activity of specific proteins. 
Drosophila embryonic membranes are comparable to vertebrate membranes 
(Rietveld et al., 1999). They accumulate membrane sterol, and form detergent 
resistant membrane domains rich in sterols and sphingolipids.  These domains contain 
GPI-anchored proteins and sterol-modified Hh, as do those of vertebrates (Rietveld et 
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al., 1999).  Furthermore, Drosophila utilizes many of the same signaling pathways 
that are known to depend on sterols in vertebrates (Pike, 2005).  In summary, 
Drosophila, although an invertebrate, very much resembles vertebrates regarding the 
use of sterols, both in membranes and signaling.  It is, thus, a good model to study 
general sterol requirements in eukaryotes.  However, in contrast to vertebrates 
Drosophila does not synthesize cholesterol although it requires sterols to complete 
development, being characterized as a sterol auxotroph, like all insects. 
The exploitation of Drosophila’s auxotrophy allowed us to overcome the big 
difficulties of cholesterol depletion that exist in vertebrate systems due to the 
endogenous synthesis.  In this way, in Drosophila, organismal sterol depletion can be 
“simply” made by depletion of dietary sterols without recurring to genetics or 
chemical methods, which are normally used in vertebrates.  These methods are not 
totally specific for sterols and/or show side effects, making it difficult if not 
impossible to interpret the phenotype obtained.  The essential requirements for sterols 
in vertebrates are, due to these difficulties, not yet clear.  By exploiting Drosophila’s 
auxotrophy we found that membrane biophysical properties required for the 
maintenance of life might be able to be regulated by other lipids in the absence of 
sterols.  However, although not essential for the viability of several insect cell types 
and neither to allow the viability of Drosophila larvae for several days, we show that 
adequate bulk membrane sterol has an essential function in promoting growth and 
development.  These effects are mediated in part by two sterol-derived hormones, 
ecdysone and at least an additional steroid molecule, whose signaling effects do not 
act when bulk membrane sterol levels are reduced. 
 
 
IV-1.   The ecological relevance of the developmental arrest caused by sterol 
depletion. 
 
Different cells and organisms show differences regarding membrane sterol 
levels.  Vertebrate cells, which have the ability to synthesize sterols show a higher 
accumulation of these lipids in membranes relatively to phospholipids than sterol 
auxotroph organisms, such as Drosophila and C. elegans, even when these are fed 
with optimal amount of sterols (Fig.IV-1).  Auxotrophs do not need to expend energy 
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on synthesizing sterols.  However, they do depend on dietary sources for these lipids 
in order to complete development, which might not always be available in their 
natural environmental conditions.  It is interesting to think that these organisms, by 
naturally feeding on decaying material under fermentation, have access to little 
amount of oxygen.  Since oxygen is highly required for sterol synthesis (Espenshade 
and Hughes, 2007; Summons et al., 2006), this could be the ecological constraint that 
might have led selection to favor organisms unable to endogenously produce sterol, a 
process energetically demanding.  
Alternatively to cholesterol 
synthesis, Drosophila produces 
isoprenoides that require less 
oxygen for their synthesis (Belles et 
al., 2005).  In the same line of 
thought, it is intuitive to assume that 
auxotrophs, by depending on an 
external source of sterols, which 
might not be continuously available, 
would also be favored if some 
defense mechanisms would exist 
that would allow them to arrest 
development under dietary sterol-
depleted conditions until the levels 
of these lipids rise again in the food 
source.  Although C. elegans only 
require minute amounts of 
cholesterol in the food and although 
it does not include sterols into most 
of their membranes even when fed 
with a diet rich in cholesterol 
(Matyash et al., 2001) (Fig.IV-1), it 
was reported that sterol depletion 
leads to larval arrest and dauer 
formation in C. elegans (Entchev 
Figure IV-1. Membrane sterol levels vary in 
different cells and organisms.  (A) TLC 
showing non-saponifiable lipids derived from 
extracts with identical levels of phospholipids.  
Sterol levels in vertebrate cell lines (BHK and 
MDCK cells), and organisms (D. melanogaster 
and C. elegans) vary.  
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and Kurzchalia, 2005).  Here, we have shown that also D. melanogaster arrests 
development when fed on a lipid-depleted diet.  We also demonstrated that this up-to-
6-days-arrest, more than half of the time of Drosophila’s life cycle, is specifically due 
to the lack of sterols.  Moreover, during the arrest, Drosophila larvae keep their 
viability being able to resume growth and development when put back in a medium 
with optimal levels of sterols.  It is fair to hypothesize this arrest is of ecological 
significance, allowing Drosophila to survive under transient low levels of dietary 
sterols.  How would Drosophila larvae sense sterols in order to arrest development?  
How would them be able to maintain viability during the time of the arrest?  What is 
the sterol content of their membranes under conditions of low sterol levels?  
 
 
IV-2.   Sterols are not essential in order to maintain basic biophysical properties 
of the membranes. 
 
It was reported that C. elegans is a eukaryotic organism that challenges the 
idea of an essential requirement for sterols in biological membranes, since it does not 
incorporate sterols in most of its tissues and depends on extremely small amounts of 
dietary cholesterol, just the enough to produce sterol-derived signaling molecules 
(Kurzchalia and Ward, 2003).  The requirement of these minimal amounts of sterols 
would also make sense in an ecological point of view, since it would allow the worm 
to live under harsh environments when sterol levels are reduced.  We and others have 
shown that, in contrast with the worm, Drosophila does accumulates sterols in their 
membranes under normal dietary conditions (Rietveld et al., 1999).  However, when 
fed on a sterol-depleted diet they present membranes with no sterols detected on a 
TLC and quantified as 1.5 mol % relatively to phospholipids, a 6-fold reduction 
relatively to normal membrane sterol levels.  This amount of membrane sterol is 
predicted by studies with model membranes not to support the basic biophysical 
properties of membranes required for the maintenance of life by not allowing the 
formation of lipid-ordered phases (de Almeida et al., 2003; Sankaram and Thompson, 
1991).  The larvae are, however, viable for up to 6 days.  Additionally, we have also 
shown that insect S2R+ cells in culture do not incorporate sterols in their membranes 
when these lipids are absent from the medium although they do so when sterols are 
present.  Similar results in insect cultured cells were already reported in 1983 in Kc 
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cells, a different insect cell line (Silberkang et al., 1983).  Since cells in culture do not 
develop into an organism, they would not require the production of sterol-derived 
signaling molecules necessary for the development of the organism.  In this way, in 
culture cells, a potential requirement for sterols would be only to fulfill bulk 
membrane structural requirements.   
Overall, the observations made in these eukaryotic auxotroph cells and 
organisms regarding incorporation of sterols in their biological membranes leads to 
the conclusion that the maintenance of permeability and fluidity properties of the 
membranes is not an essential function for sterols, at least in some cell types.  Other 
lipids should be able to compensate for sterols in what regards to these functions.  
How would basic biophysical membrane properties be maintained in the absence of 
sterols? 
 
 
IV-3.   How is Drosophila’s membrane biological functionality maintained under 
sterol-depleted conditions? 
 
The most widely recognized function of cholesterol in the membranes is the 
ordering of membrane lipids by inducing the formation of a liquid-ordered phase.  In 
addition, in model membranes cholesterol prevents the formation of gel-phases, which 
at physiological conditions never form, even in the absence of cholesterol.  In cells, 
the absence of cholesterol would make the lipids to exist in a liquid-disordered phase, 
highly permeable and fluid (Yeagle, 2005).  In the arrested sterol-depleted larvae, 
membranes are generally depleted of sterols.  This fact would make one to 
hypothesize that these membranes would be less packed and in a liquid-disordered 
state if the larvae would not be able to compensate for the absence of sterol.  We 
could observe that the lipid profile of Drosophila’s larval membranes changes in 
response to the composition of their diet.  Under sterol-depleted conditions, the larval 
membranes showed increased levels of lipids that responded specifically to the 
availability of sterols in the diet.  These changes might compensate for the loss of 
membrane sterols in the regulation of fluidity and permeability properties of the 
membranes.   
Below, several points based on observations made in this project argue in favor 
of the possibility of compensation for the absence of sterol in Drosophila regarding 
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the maintenance of basic biophysical properties of biological membranes.  I also 
present some hypothesis regarding other changes that might occur in response to 
sterol depletion that were not tested yet and some comparisons with C. elegans 
membranes.  Alternatively or in addition, the lipid changes in the membranes could be 
involved in a signaling pathway that would lead to the sterol-depleted developmental 
arrest. 
1.  In the sterol-depleted arrested Drosophila larvae it was observed a major 
increase of specific sphingolipids with hydroxylated fatty acid moieties and a 
sphingosine backbone with an extra-dessaturation, whose levels appeared 10 to 20 
and 4 to 12-fold elevated, respectively, relatively to the levels present in the 
membranes of yeast-fed larvae.  Hydroxylated sphingolipids are known to exist in 
significant amounts in tissues with high developed barrier functions such as the 
epidermis (Madison, 2003; Uchida et al., 2007) and myelin sheaths (Eckhardt et al., 
2005; Zoller et al., 2008) and tissues where there is a pronounced mechanical stress 
such as the gut and the kidney (Karlsson, K.A in (Abrahamsson and Pascher, 1977)).  
Biophysical studies have suggested that the hydroxylation in sphingolipids influence 
the phase behavior of membranes (Shah et al., 1995).  The hydroxylation at the so 
called intermediate zone between polar head group and the hydrophobic region may 
create stabilizing polar interactions by hydrogen bonding in a lateral direction of the 
membrane, both in between sphingolipids and between sphingolipids and 
glycerophospholipids (Abrahamsson and Pascher, 1977).  In this way, and according 
to K. A. Karlsson (Abrahamsson and Pascher, 1977) one could predict a denser, less 
permeable and more stable membrane in the presence of hydroxylated sphingolipid 
(Abrahamsson and Pascher, 1977) (in Drosophila sphingolipid fatty acid chains are 
completely saturated which results in a higher Tm (Rietveld et al., 1999; Yeagle, 
2005)). 
2.  We observed that PC fatty acid chain length increased in the membranes of 
larvae fed LDM. The increase in hydrocarbon chain length results in an increase in 
Tm, which is translated into a more stable and ordered lipid bilayer.  
3.  The presence of ether lipids in the membranes of larvae fed LDM could also 
account for the compensatory ordering effect of the bilayers in the absence of 
cholesterol.  The presence of an ether-linkage in phospholipids can modify both the 
configuration and functional properties of the membranes.  In model-membranes, 
ether-linked lipids have been shown to decrease ion permeability and surface potential 
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(Vance and Vance, 2002).  Also in model membranes, it was shown that these lipids 
lower the phase temperature of membrane bilayers when compared to their diacyl 
counterparts (Vance and Vance, 2002), which can be translated into an ordering effect 
of these lipids in the membranes.  
4.  Proton and/or sodium electrochemical gradients are critical for energy 
handling at the plasma membranes of all living cells (Haines, 2001).  These gradients 
are actively formed by membrane pumps (ATPases) in an ATP dependent manner.  
There have been evidences that cations can leak through the membrane in the 
opposite direction of the gradient - Na+ leaks through pores or defects in membranes, 
H+ through water clusters that form in the membrane (Haines, 2001).  Since ion 
leakage disrupts the previously existent gradient, it is therefore important that 
membranes are impermeable to ions in order to save energy (Haines, 2001).  
Cholesterol has been thought to be a key element in preventing membrane leakage to 
ions.  Moreover, cholesterol (and not other sterols) has been thought to be specifically 
required for the functionality of the Na+ ATPase – this fact could explain the death of 
the larvae after 6 days (discussed later).  However, since protons leak through a 
different mechanism than Na+, it has been hypothesized that proton leakage can be 
avoided by other lipids in addition to cholesterol (Haines, 2001).  H+-ATPases are 
ubiquitous and highly conserved proton pumps involved in pH homeostasis or 
membrane energization of cellular organelles and plasma membranes of many animal 
cell types (Finbow and Harrison, 1997; Wieczorek et al., 2009).  It was found that 
these pumps energize several plasma membranes in insects.  Specifically in 
Drosophila, they were found to have an essential role in fluid secretion in the 
Malpighian tubules (Wieczorek et al., 2009).  How would sterol-depleted arrested 
larvae compensate for the loss of sterols in order prevent H+ leakage and, therefore, 
maintain membrane proton gradients?  Haines (Haines, 2001) raised the possibility 
that isoprene hydrocarbons are able to prevent proton passage through the membrane 
by crowning the center of the bilayer.  Insects in general have lost the ability of 
cholesterol synthesis presenting multiple blocks in the mevalonate pathway below the 
squalene synthase enzyme (this enzyme included).  However, they are able to produce 
isoprenoides from this pathway (e.g. dolichol, ubiquinone, farnesol, juvenile 
hormone) (Belles et al., 2005).  It would be interesting to investigate if Drosophila 
larvae upregulates isoprenoid lipids under sterol-depleted conditions. 
DISCUSSION 
 67 
5.  Kurzchalia and Ward (Kurzchalia and Ward, 2003) argued about the 
possibility of membrane raft formation in the absence of cholesterol in C. elegans by 
reviewing some evidences in the field.  Despite the small amount of cholesterol in the 
worm’s membranes, caveolin-1 protein behaves as a bona fide raft protein.  Caveolin 
is found in the floating fraction of the worm’s membranes after detergent extraction, 
suggesting that rafts can form in the absence of cholesterol.  Moreover, recent studies 
of lipid mixtures in large unilamellar vesicle membranes show that phase separation 
can occur in the absence of cholesterol, but that adding cholesterol alters phase 
boundaries and lipid mobility (Kahya et al., 2003; Korlach et al., 1999).  Are 
Drosophila larvae able to form rafts under sterol-depleted conditions?  This question 
could be answered by doing similar experiments to the ones performed in the worm 
with other bona fide raft proteins, since Drosophila does not have caveolin (Fischer et 
al., 2006).   
 
 
IV-4.   Could the changes observed in the membrane lipid composition of 
Drosophila larvae raised under sterol-depleted conditions be of broader 
relevance? 
 
A relation between sterols and sphingolipids, with high affinity to each other 
and known to associate in microdomains in the membranes, has been shown in 
different eukaryotic systems.  In Niemann Pick disease associated defects in 
trafficking of sphingolipids and sterols appear to be interdependent, sphingomyelin 
and cholesterol levels in the brain are proposed to be controlled by presenilin and 
amyloid beta, sphingolipid depletion has been shown to affect the SREBP pathway, 
controlling cholesterol and phospholipids synthesis (Ridgway, 2000; Ridgway et al., 
1999) and yeast cells change their membrane sphingolipid composition in response to 
mutant sterol structures (Guan et al., 2009).  Drosophila cannot synthesize sterols.  
Instead, it synthesizes isoprenoids, which have been proposed to theoretically be able 
to substitute membrane cholesterol in order to prevent H+ leakage through 
membranes (Haines, 2001).  Is there also in Drosophila a relation between 
sphingolipid metabolism and the activity of the mevalonate pathway?  As already 
advanced by Haines (Haines, 2001), there might be a step in sphingolipid metabolism 
(or alternatively in the mevalonate pathway) sensitive to sodium in order to regulate 
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the permeability of the membrane to it.  In this context of ideas, and since insects 
require cation/nH+ antiporter pumps to maintain homeostasis, a decrease in 
membrane sterol levels in Drosophila would increase the membrane permeability to 
ions.  This leakage would, in agreement with the hypothesis raised by Haines, affect 
the sphingolipid metabolism by increasing the synthesis of these lipids.  As a 
consequence the activity of the mevalonate pathway would be also upregulated, which 
in Drosophila would result in an increase in the amount of isoprenoides.  In order to 
test this hypothesis, one could investigate if under sterol-depleted conditions 
Drosophila larvae would be able to survive or to increase hydroxylated sphingolipids 
in the absence of isoprenoid synthesis by downregulating the activity of enzymes in 
the mevalonate pathway.  
Cholesterol synthesis requires high amounts of oxygen (11molecules of 
O2/molecule of cholesterol) (Espenshade and Hughes, 2007; Summons et al., 2006).  
Yeast does not synthesize ergosterol under anaerobic conditions (Rosenfeld and 
Beauvoit, 2003), and hypoxia downregulates cholesterol biosynthesis in vertebrate 
cells (Mukodani et al., 1990; Nguyen et al., 2007).  It would be interesting to 
investigate whether tissues in the organism that are poorly served by the vascular 
system would present high levels of hydroxylated sphingolipids.  Moreover, since our 
results indicate that an increase in sphingolipids with hydroxylated fatty acid moieties 
increases survival under sterol depleted conditions, it would be of general interest to 
investigate this further in a context of therapeutics for cancers, typically subjected to 
hypoxic environments (Rademakers et al., 2008).   
 
 
IV-5.   Complete development of Drosophila requires sterols for both membrane 
and signaling functions. 
 
While sterols are not essential to maintain basic biophysical properties of the 
membranes of most cell types, by feeding Drosophila larvae with structurally 
different sterols we were able to distinguish 3 different requirements for sterols in 
Drosophila during its development: 1) growth and development of Drosophila 
requires optimal amounts of membrane sterol; 2) ecdysone synthesis as already 
known - since by supplementing sterols that caused larval arrest on the first instar 
with ecdysone allowed the development to the last larval stage; 3) sterols are required 
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at the larvae to pupae transition, indicating a requirement for a yet non-identified 
sterol derived molecule at this stage. 
Our results indicate that in order to complete development Drosophila does 
require incorporation of sterols in their membranes in contrast to the average of the 
tissues of the arrested sterol-depleted larvae.  Mainly three different evidences 
presented here justify this conclusion.  First, ecdysone feeding only supports 
development when sterol is added to the food (even if the added sterol cannot be 
metabolized into ecdysone).  Second, the rescuing of complete development of 
Drosophila by supplementation of sterols unable by itself to support full development 
with minute amounts of cholesterol.  Since the production of signaling molecules 
requires sparkling amounts of sterols comparatively to the amounts required to fulfill 
membrane demands, this would argue that there is a signaling requirement fulfilled by 
the small amounts of cholesterol and a membrane sterol requirement fulfilled by the 
main dietary sterol.  This bigger amount, when not supplemented with sparkling 
amount of cholesterol does not support complete development.  Third, varying the 
amount of available dietary sterol produced a response in adult size.  However, the 
ratio sterol: phospholipid in the membranes was kept constant.   
To distinguish signaling from structural requirements for sterols in Drosophila 
we fed larvae with structurally different sterols that could all fulfill bulk membrane 
requirements but some would be predicted not to be able to be metabolized by 
Drosophila to produce ecdysone, a steroid-derived hormone.  We predicted that 25-F-
cholesterol could not be hydrolyzed at the C-25 due to the fluorine atom, which is in 
agreement with the observed 1st instar arrest when the larvae are fed in LDM 
supplemented with this sterol – these larvae could be rescued to the 3rd larval stage by 
feeding ecdysone.  The same phenotype was also obtained with desmosterol.  This 
was also not surprising since desmosterol has a double bond between C-24 and C-25 
and the fly genome does not contain an obvious homologue of Δ24-sterol reductase, 
the enzyme required to convert desmosterol to cholesterol in vertebrates.  This 
conversion would be required in Drosophila for ecdysteroidogenesis.  Moreover, it 
was previously reported that desmosterol could not support well the development of 
Drosophila (Cooke and Sang, 1970) and could not rescue to any extent NPC1a 
mutants, defective in sterol trafficking, in contrast to cholesterol, 7-
dehydrocholesterol and ecdysone (Huang et al., 2005).  It was surprising, however, to 
observe the inefficiency of ergosterol in supporting a complete development of 
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Drosophila, since ergosterol is the main sterol in Drosophila embryonic membranes 
(Rietveld et al., 1999).  Additionally, Drosophila larvae develop to adulthood in a diet 
based on yeast past – yeast contains ergosterol as the main sterol – and there are 
studies indicating that ergosterol supports well the complete development of 
Drosophila (Cooke and Sang, 1970).  The developmental arrest observed in our assay 
at the third larval stage when Drosophila larvae are fed ergosterol might have 
different explanations.  1) More strict feeding conditions in contrast with previous 
studies; 2) Although ergosterol can be metabolized into ecdysone since the ergosterol-
fed larvae are able to progress through the larval stages, it is unable to be metabolized 
into another steroid-derived molecule required at the larval to pupal transition.  
Interestingly, ergosterol also does not have any activity in rescuing NPC1a mutants 
(Huang et al., 2005).   
The ability to complete development when fed yeast past in contrary to when 
fed ergosterol supplemented to LDM could be explained by the fact that yeast paste 
contains, in addition to the bulk of ergosterol ((≈ 0.3mg/g), a trace of cholesterol (≈ 
0.6µg/g) (Huang et al., 2005; Xu and Nes, 1988).  Moreover, yeast has several 
different sterols, intermediate compounds produced during ergosterol synthesis (Parks 
et al., 1999). These precursors of ergosterol could explain the complete development 
of Drosophila when fed YM. 
Another observation that might be puzzling is the fact that Drosophila larvae 
arrest in the 2nd instar in 50% of the cases when fed LDM alone, while when fed 
desmosterol or 25-F-cholesterol the arrest is always in the 1st larval stage.  The LDM, 
although depleted of sterols, is not totally devoid of these lipids.  The larvae, when fed 
on this medium are highly motile and often escape from the wells - this is a typical 
behavior that occurs under starvation conditions, the larvae move in order to look for 
unavailable nutrients, in this case sterols.  Therefore, they are able to dig out the small 
amounts of sterols still present in the LDM and that could be used to synthesize 
ecdysone.  The supplementation of LDM with a sterol would fulfill membrane 
requirements for sterols.  Assuming that there is a signaling pathway that senses 
membrane sterols - could be at the level of the gut – and that would indicate these 
animals have already enough sterol, the larvae would not look for the small amounts 
of sterol present in the LDM and thus, would not be able to molt if the supplemented 
sterol was not able to be metabolized into ecdysone. 
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IV-5.1.   A non-ecdysone sterol derivative is required for the larval to pupal 
transition. 
 
Our data suggest that there is another sterol-derived signaling molecule in 
addition to ecdysone necessary for the induction of pupariation and that cannot be 
synthesized either from desmosterol, 25-F-cholesterol or ergosterol. 
Larvae fed with sterols such as ergosterol progress normally through the larval 
stages and attain a size by the end of the third larval instar that resembles the size of 
well-fed larvae.  Thus, the failure to pupariate is not due to incapability of ecdysone 
synthesis, required for larval molting - ecdysteroid titers should, however, be 
measured to confirm this.  Moreover Hh signaling and imaginal discs size is similar to 
well-fed larvae. 
Since supplementing ergosterol with extra ecdysone does not improve 
pupariation, this steroid-derivative appears to be required for a subset of ecdysone-
dependent events at the larval to pupal transition, acting by preventing ecdysone-
induced signaling cascade at this developmental time point.   It could act either 
downstream of ecdysone receptor or in a parallel pathway that would interfere with it.  
This would be in agreement with the observation that Brd-Complex proteins, early 
regulatory genes induced by ecdysone at the larval to pupal transition (Emery et al., 
1994), are not upregulated in the ergosterol fed larvae.  It would be interesting to 
investigate whether this molecule is the ligand of the orphan nuclear hormone 
receptor DHR4.  DHR4 plays a central role in the genetic cascades triggered by the 
steroid hormone ecdysone at the onset of metamorphosis.  The disruption of its 
function by mutation or RNAi results in premature and often abnormal pupariation 
leading to the formation of small animals.  Moreover, it is necessary and sufficient to 
downregulate many genes at the larval to pupal transition.  This is consistent with a 
predicted primarily repressive role according to the homology with the vertebrate 
orphan receptor germ-cell nuclear factor (GCNF) (King-Jones et al., 2005; King-
Jones and Thummel, 2005).  Overall, one could hypothesize that in the absence of the 
not yet identified steroid-derivative, DHR4 would exert its repressive functions by 
default in preventing pupariation by inhibiting genes of the ecdysone signaling 
cascade, such as DHR3, E74, E75 (King-Jones et al., 2005; King-Jones and Thummel, 
2005), and also Brd-Complex proteins.  The binding of this steroid-derived compound 
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to DHR4 would alleviate this repressive behavior allowing the signaling events 
induced by the high peak of ecdysone, which would lead to pupariation. 
 
 
IV-6.   Sterols regulate growth. 
 
Our results clearly indicate the availability of sterols in the diet is one factor 
that determines adult size, a consequence of larval growth.  The final body size of 
adults is proportional to the amount of sterol present in the diet - growth on limiting 
amounts of sterol reduces adult size mainly by reducing cell number.  Moreover, 
reducing the amounts of cholesterol added to LDM elongate the time to pupariation 
(not shown) in addition to the effect observed on reduction of adult size.   
 
IV-6.1.   How would sterols regulate growth? 
 
The observations made in this project regarding Drosophila’s growth 
regulation by sterols resemble the ones reported by several authors regarding the 
control of development by different related factors such as PTTH and ecdysone 
production, nutrition, TOR and the insulin signaling (Colombani et al., 2005; Layalle 
et al., 2008; McBrayer et al., 2007).  All together these previously reported results 
indicate that under conditions of limited food, a downregulation of TOR signaling at 
the fat body leads to a systemic inhibition of the insulin signaling that delays the 
attainment of the critical size and extends developmental time before terminal growth 
period (TGP).  Concomitantly, poor nutrition also reduces TOR at the prothoracic 
gland (PG), which abolishes the response to PTTH and therefore ecdysone production 
is inhibited – low levels of ecdysone extend the TGP after critical size is attained and 
allows the larvae to partially compensate the reduction of size caused by the general 
inhibition of the insulin signaling by extending the TGP and giving rise to 
subnormally sized adults (Layalle et al., 2008).  Taking our results into the picture it 
would be interesting to investigate if the TOR pathway at the PG would specifically 
respond to dietary levels of sterol.  This would agree with a potential rescue of the 
developmental delay caused by restricted amounts of dietary sterols by feeding with 
ecdysone or 20-hydroxyecdysone.  In addition, it would be necessary to clearly state 
if the increase in developmental time of the larvae fed with low levels of cholesterol 
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occurs before or after critical weight or both.  Our results also show that the insulin 
signaling pathway does not respond specifically to membrane sterol levels.  In our 
experiments both 2nd instar larvae either fed in LDM alone or LDM supplemented 
with optimal amounts of cholesterol have shown reduced insulin signaling in the fat 
body comparatively to the 2nd instar larvae fed on YM.  While the observed response 
of the insulin signaling pathway was not specific for sterols, this pathway might be 
responsive to some hydrophobic compound present on yeast that excludes sterols or 
phospholipids and is responsible for the growth rate increase of the larvae fed YM. 
 
IV-6.2.   Sterols regulate growth in part via ecdysone. 
 
Although Colombani et al (Colombani et al., 2005) revealed observations that 
indicate the fat body as the key tissue in relaying ecdysone dependent growth control 
signals, they could not exclude the possibility that ecdysone might also exert a direct 
effect on the cellular growth rate of all larval tissues.  Our results show that ecdysone 
autonomously regulate the growth of imaginal wing discs, being consistent with a 
model in which ecdysone promotes growth by relieving EcR-dependent growth 
repression – similar to its action on sensory neuron differentiation (Schubiger et al., 
2005).  This previously unidentified growth promoting effect by ecdysone seems to be 
contradictory to others that indicate the PG as the tissue responsible for assessing the 
achievement of critical weight and suggest high levels of ecdysone reduce larval 
growth at the onset of metamorphosis (Caldwell et al., 2005; Colombani et al., 2005; 
Mirth et al., 2005).  This may suggest that ecdysone exerts different effects on growth 
depending on its concentration: low levels are essential for growth, but high levels 
may inhibit it.  
It is surprising that feeding animals with ecdysone is able to rescue molting at 
all, since molting is thought to be induced by pulsed release of ecdysone.  Although 
these pulses are at least partly the result of increased ecdysone biosynthesis, it might 
be worthwhile investigating the possibility that ecdysone could be stored in an 
esterified form in larval stages, as it appears to be in the embryo and the adult 
(Bownes et al., 1988; Grau and Lafont, 1994).  In humans, estradiol also appears to be 
stored as fatty acyl esters (Tikkanen et al., 2002a; Tikkanen et al., 2002b).  It would 
be worth investigating whether the controlled release of ecdysone from fatty acid 
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esters, or other non-biosynthetic mechanisms, might help to regulate free ecdysone 
levels during larval development. 
 
IV-6.3.   Why ecdysone and not 20-hydroxyecdysone?   
 
20-hydroxyecdysone, produced at the peripheral tissues, is generally 
considered to be the biologically active metabolite of α-ecdysone that is released into 
the hemolymph from the ring gland.  We have fed the larvae with α-ecdysone and not 
20-hydroxyecdysone.  The justification for this choice relies on the fact that from α-
ecdysone, Drosophila is able to produce 20-hydroxyecdysone, but not the way 
around.  In this way we would be covering any possible requirement specific for α-
ecdysone, never excluded in the literature.  However, in spite of this rational we have 
repeated some of reported experiments with 20-hydroxyecdysone and no differences 
were observed relatively to the observations made with α-ecdysone. 
 
 
IV-7.   What functions might membrane sterols fulfill? 
 
There are several recent studies presenting opinions and evidences from 
geological record of molecular fossils showing a link between the appearance of O2 in 
the atmosphere and the consequent ability of cholesterol synthesis (Barenholz, 2002; 
Chen et al., 2007; Mouritsen and Zuckermann, 2004; Summons et al., 2006).  
Theoretically and according to these studies, the presence of cholesterol was the 
driving force to the appearance of eukaryotic organisms with more complex 
metabolism and membranes – prokaryotes are generally deprived of membrane sterols 
in contrast with eukaryotic organisms where cholesterol is generally synthesized and 
incorporated into their membranes.  The increase in complexity of eukaryotic 
organisms was possible due to the structural characteristics of cholesterol and other 
high sterols.   
Sterols form microdomains enriched in sphingolipids and 
glycerophospholipids with saturated fatty acid chains – lipid rafts - known to have 
specific biological activity (Lucero and Robbins, 2004).  These domains have varied 
but distinct protein composition and have been implicated in processes such as 
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polarized trafficking, signal transduction, endo- and exocytoses, entrance of 
pathogens, and generation of pathological proteins such as prions.  In these domains 
cholesterol is known to be able to regulate intra and extracellular transport across 
membranes (Mayor and Riezman, 2004; Pichler and Riezman, 2004), creating a 
membrane environment preferred by certain proteins – there are specific proteins 
known to associate with membrane cholesterol-rich domains such as GPI and fatty 
acyl-anchored proteins and Haemogluttinin from Influenza virus (Lucero and 
Robbins, 2004; Pike, 2004, 2005).  Receptor tyrosine kinases are other examples of 
proteins involved in cell signaling that are enriched in lipid rafts. The EGF receptor, 
the insulin receptor, the PDGF receptor, the VEGF receptor and the NGF receptor 
among others have been shown to be localized to cholesterol-rich membrane domains. 
In all cases, signaling by these receptors is modulated by changes in cellular 
cholesterol content (Pike, 2005).  Moreover, cholesterol is thought to allow a certain 
membrane thickness that would match optimally with certain protein transmembrane 
domains (Jensen and Mouritsen, 2004) – it is hypothesized that variable amounts of 
sterols in different compartments of the eukaryotic cell are responsible for the sorting 
of membrane proteins according to the sizes of their transmembrane domains 
(Mouritsen and Zuckermann, 2004).  Cholesterol is also known to modify proteins 
such as Hh allowing them to be targeted to membranes (Porter et al., 1996a) and to be 
precursor for steroid hormones known to determine development in multicellular 
organisms (Gilbert et al., 2002).  Additionally, and mainly according to studies made 
in model membranes it is also known that sterols influence fluidity and permeability 
properties of the membranes required for their biological function.   
Except for the maintenance of biophysical properties of the membranes where 
sterols have a structural role, the functions for sterols described in the previous 
paragraph refer to signaling functions of these lipids (distinction made by the author 
of this thesis).  Our results strongly support the idea that the essential functions for 
sterols are mainly signaling and not structural.  Three main observations support this 
idea: 1) Drosophila larvae are able to live but not to develop with only 1.5 mol % 
sterols relatively to phospholipids, while studies in model membranes refer 6 mol % 
as the minimum amount required to induce phase separation; 2) insect cultured cells 
live for many generations with no sterols neither in the media nor in the membranes 
(assuming that cells in culture do not require signaling pathways necessary for an 
organism to develop); 3) different tissues have different requirements for sterols 
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although all the tissues do require the regulation of the biophysical properties of their 
membranes.   
We could observe that sterols are not distributed uniformly through the 
different tissues of Drosophila larvae. Our results indicate that while the maintenance 
of biophysical properties of the membranes is not an essential function for sterols at 
least in some cell types, membrane sterols might have essential roles in polarized cells 
such as epithelia and neurons.  The high and probably essential requirements for 
membrane sterols in specific cell types of Drosophila could justify the lethality 
observed after 6 days of sterol depletion.  Overall, our observations when compared 
with similar ones reported in different eukaryotic organisms suggest that the essential 
functions for sterols in specific cell types might be evolutionarily conserved, as it is 
discussed below. 
In vertebrates, sterols have particularly important functions in apical 
membranes of epithelia (Meder et al., 2006; Schuck and Simons, 2004).  It would be 
interesting to investigate if arrested Drosophila larvae fed LDM would show polarity 
defects in their apical gut membranes that seem to have a higher requirement for 
sterols.  If this would be the case the exploitation of Drosophila’s sterol auxotrophy 
might turn out to be a good strategy in order to understand polarized trafficking in 
epithelial cells, which is now based on research mainly done in tissue cultured cells. 
Particularly interesting and mildly surprising was the retention of sterols in the 
axonal region of the CNS in the Drosophila larvae fed LDM, since no obvious 
reduction was detected relatively to the cholesterol-fed larvae.  In vertebrates it has 
been shown that high amounts of cholesterol are required in the CNS (Dietschy and 
Turley, 2004).  In humans, although the brain accounts for only 2.1 % of body weight 
it contains 23 % of the cholesterol present in the whole body.  Moreover, 
neurodegenerative diseases are though to be related with defects in the metabolism of 
cholesterol, its synthesis or movement through the endocytic pathway in the brain.  It 
was postulated that low plasma sterol levels might lead to a loss of cholesterol in the 
brain, which might result in a loss of serotonin receptors, a possible cause for some 
emotional disturbances such as suicidal behavior and aggressiveness.  One of the 
functions given to cholesterol in the vertebrate brains is the regulation of permeability 
properties of axonal membranes required for the conduction of action potentials along 
axons – it is interestingly postulated that the existence of cholesterol in axonal 
membranes has solved the problem of the big human brain size and the need of high 
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velocity for axonal potential conductance (Dietschy and Turley, 2004).  In specific 
regions of the growth cone membrane lipid rafts are involved in axon growth and 
guidance polarity (Kamiguchi, 2006).  Moreover, lipid rafts have been postulated to 
be involved in neurothrophic factor signaling through associated receptor tyrosine 
kinases, in regulating contacts between neurons vital for axon guidance and in 
neuronal excitability and synaptic transmission (Tsui-Pierchala et al., 2002).  It is 
thought that cholesterol is specifically required for the functionality of the Na+-
ATPase in the establishment of asymmetric ion gradients in animals (Haines, 2001).  
It was reported that this pump is strongly expressed in the brain of Drosophila (Sun et 
al., 1998) and that mutants for Na+/K+ ATPase show neural dysfunction and 
degeneration (Palladino et al., 2003).  The functionality of this membrane protein in 
Drosophila’s brain could be given as an example of a protein that would justify the 
high requirement for sterols in the CNS of Drosophila.  Moreover, neurons are one of 
the few cell types to accumulate membrane sterol in C. elegans (Matyash et al., 2001).  
Thus, it is possible that the axons at the CNS developed certain functions along 
evolution that demand specific properties in their membranes only fulfilled with the 
presence of cholesterol or potentially other higher sterols.  Taking our results into the 
context of sterol needs at the CNS, the high requirement for membrane sterol at the 
CNS seems to be conserved among eukaryotes and might be both structural and 
signaling. 
 
 
IV-8.   How would membrane sterol levels be sensed? 
 
While in vertebrates sterol levels are sensed by the SREBP pathway at the 
endoplasmic reticulum (ER), the SREBP proteins in insects, although also responsible 
for inducing lipid synthesis and regulation of membrane lipid composition are 
sensitive to PE levels and not to sterols at the ER membranes (Dobrosotskaya et al., 
2002; Espenshade and Hughes, 2007).  Our results indicate that membrane sterols 
should be sensed at the organismal level because insect cells grow well without 
sterols, so it seems unlikely that the sterol regulatory growth machinery is intrinsic of 
every cell - alternatively, the elimination of a sterol sensing growth control pathway 
could be required for “transformation” of insect cultured cells.  Our results also 
indicate that neither the insulin signaling pathway nor the sterol modified protein Hh 
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are responsible for a systemic response to membrane sterol levels in Drosophila.  One 
could hypothesize that in Drosophila membrane sterols would be sensed indirectly by 
a membrane protein that would require a certain hydrophobic membrane environment. 
Decreased membrane sterol levels, by altering membrane environment, would stress 
this sensor protein affecting its functional activity and downstream signaling pathway.  
Alternatively, membrane sterols could be sensed through cation leakage, which would 
be higher when sterol levels decrease in the membranes (Haines, 2001).  Taking into 
account the review presented by Haines (Haines, 2001) and as already discussed in 
this section, the depletion of membrane sterols in Drosophila could, hypothetically, 
lead to a compensatory synthesis of isoprenoides in order to prevent membrane cation 
leakage.  The final product of the mevalonate pathway in insects, which progresses 
through a series of isoprenoid synthetic events, is Juvenile hormone (Belles et al., 
2005).  This hormone is known to maintain juvenile characteristics by preventing 
pupariation during larval growth in some insects.  However, in Drosophila no 
function was yet attributed to Juvenile hormone during larval stages.  It might actually 
be reasonable to put this isoprenoid hormone as a potential candidate in inducing the 
sterol depleted arrest observed in Drosophila melanogaster when fed LDM.   
In yeast, specific sterol-sphingolipid interactions influence the TOR pathway 
(Guan et al., 2009), an important growth regulator.  Lower levels of shingolipids with 
hydroxylated fatty acid moieties decreases survival under sterol depleted conditions.  
It would also be interesting to assess a potential role in survival and growth of the 
extra-desaturation present in the sphingosine long chain base of the membrane 
sphingolipids upregulated in sterol-depleted larvae.  In the insect Manduca sexta, 
ceramides with this structure induce apoptosis more efficiently (Abeytunga et al., 
2004).  The role of these lipids in inducing growth arrest and a potential interaction 
with the mevalonate and the TOR pathways should certainly be examined further. 
How membrane sterols are sensed, and how this sensing is converted into 
signals that modulate growth and development, are interesting and outstanding 
questions for the future. 
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V-1.   Cell Culture 
 
S2R+ cells were passaged either in Complete medium: Schneider's Complete medium 
(Invitrogen) supplemented with 10% Fetal Bovine Serum (FBS) and standard 
antibiotics (pennicilin and streptomycin), or in Delipidated medium: Schneider's 
Complete medium (Invitrogen) supplemented with 10% delipidated FBS and standard 
antibiotics (pennicilin and streptomycin) (Gupta, G.D. et al, in preparation). 
MDCK and BHK cells were passaged in Minimum Essential Medium with Earle’s 
salts (from Gibco) supplemented with 5% Fetal Calf Serum (from PAA), 1x 
glutamine (from Gibco) and 1x Penicillin and streptomycin. 
 
 
V-2.   Fly Stocks 
 
Oregon R, ApterousGAL4, tub:GAL80ts UAS-EcR-RNAi and UAS EcR-DN lines are 
available from the Bloomington Stock Center.  NPC1b mutants (Voght et al., 2007) 
were provided by L. Pallanck.  FA2H RNAi flies (CG30502) are available from 
VDRC  FA2H RNAi flies were combined with UAS-Dicer flies in order to make the 
RNAi as strong as possible.  To produce UAS:FA2H transgenic flies we cloned a full-
length FA2H cDNA (RE68078), which had been mutated to removed an EcoR1 site, 
into pUhr3 (Marois et al., 2006) cut with EcoR1 and Kpn1. 
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V-3.   Feeding experiments 
 
V-3.1.   The dietary media 
 
The lipid-depleted medium (LDM) consisted of 10% chloroform-extracted yeast 
autolysate (Sigma-#Y1001), 10% glucose, 1% chloroform-extracted agarose and 
0,015% Nipagen in water.  All the contents were mixed together and boiled. 
To supplement LDM with sterols, different volumes of a 1 mM sterol solution in 
ethanol were added to the top of the food and let the ethanol evaporate.  The sterols 
used were obtained from Steraloids and ecdysone from Fluka.  Ecdysone was 
supplemented in pulses of 1µg/ml in order to mimic the pulses that occur during the 
development of Drosophila. 
The yeast-medium (YM) consisted of 10% glucose, 1% chloroform-extracted agarose 
and 0,015% Nipagen in water.  All the contents were mixed together and boiled.  
After cooling the medium in order to solidify it, yeast paste (produced by mixing 
water with Dr. Oetkers dry Baker’s yeast) was supplemented to it. 
 
V-3.2.   Chloroform-extrated yeast and agar 
 
To remove lipids from yeast autolysate and agarose, these substances were soaked 3 
volumes of chloroform overnight, additionally washed two times with 3 volumes 
chloroform for four hours each time.  In between washes the substances were filtered 
with Whatman paper.  After the last wash the substances were air-dried until the 
remnant chloroform evaporated.   
 
V-3.3.   The set-up of the experiments 
 
1 ml of the assembled and boiled LDM or YM media were distributed into each well 
of a 24-well plate.  After cooling different sterols or yeast past were added according 
to the experiment (see section VI-3.1).  One dechorionated embryo was then placed 
into each food containing well and covered with a tight lid air-permeable.  Except 
where otherwise specified, the quantification of developmental stages reached under 
different feeding conditions represents the average of three independent experiments 
each performed with 48 larvae in individual wells. 
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V-3.4.   Collection and dechorionation of embryos 
 
Embryos were collected for two hours on apple juice/agar plates with yeast, rinsed 
with PBS+0.05 % TritonX-100, treated for 30 seconds with 50 % Sodium 
Hypochlorite to sterilize and remove the chorion, then rinsed with distilled water.  
 
V-3.5.   Identification of different larval stages 
 
Different larval stages were distinguished based on morphological characteristics 
specific for each larval instar.  There are three characteristics used to distinguish the 
three larval stages, the mouth hooks, the anterior and posterior spiracles and the 
pharyngeal bars.  In this work the distinction between the larval stages was mostly 
based on the morphology of the anterior spiracles.  These correspond to the spiracular 
openings at the forehead, at the end of the great lateral tracheal trunks, opening at the 
first thoracic (prothoracic) segment.  While in the first instar there are no anterior 
spiracles, in the larvae at the second stage anterior spiracles are present as 
enlargements at the end of the great trunks, but the openings appear closed.  In the 
third instar these structures are easily distinguishable due to their fingerlike papillae – 
the spiracles appear as small hypodermal mounds from which protrude some seven to 
nine fingerlike processes with open ends (Bodenstein, 1994). 
 
 
V-4.  Preparation and lipid extraction of Drosophila larval cell membranes 
 
4-day-old larvae were collected and dounced with a glass pestle, then centrifuged for 
10 min at 1000 g to remove the larval cuticles, unbroken cells and nuclei.  The 
supernatant was centrifuged for 3 hours at 50,000 rpm to pellet the membranes.  The 
entire procedure was performed at 4oC.   
Membrane lipids were extracted by a two-step Bligh and Dyer method (Bligh and 
Dyer, 1959).  The same method was used to extract lipids from membranes of 
vertebrate cell membranes and C.elegans and from whole insect cells. 
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V-4.1.  Two-step Bligh and Dyer method 
 
Before starting the lipid extraction the required glass tubes were carefully washed 
three times with water, three times with methanol and another three times with 
chloroform, by this order.  The membrane pellet was ressuspended in 1ml of water, 
added to 3.75 ml of a mixture of 1 chloroform: 2 methanol and agitated for 1h at 2500 
rpm.  1.25 ml chloroform was added and vortexed for 1 minute, then 1.25 ml water 
was added and again vortexed for another minute.  The sample was centrifuged for 20 
min at 1000 rpm.  The lower phase (organic phase) was collected to another glass 
tube. 1.88 ml of chloroform was added to the non-lipid residue (upper phase), 
vortexed and centrifuged for 20 min at 1000 rpm.  Again, the lower phase was 
collected and pulled with the previously collected one.  The pulled lower phases were 
transferred to a new tube (this is a way of get rid of some water phase or interphase 
that might have got into the tube together with the organic phases) and the solvent 
was evaporated under a flow of N2 or in the speed vacuum.  The final lipid mixture 
was ressuspended in 2 chloroform: 1 methanol mixture.  All the chemicals used were 
LC-Grade or LC-MS Grade.  Chloroform was obtained from Fluka (#25690) and the 
extraction was always performed in glass tubes.  These conditions were set in order to 
optimize the quality of the samples to be analyzed by mass spectrometry.    
 
 
V-5.   Analysis of membrane lipid extracts 
 
V-5.1.   Phospholipid quantification 
 
Quantification of inorganic phosphate was made in order to normalize the different 
lipid extracts - which is assumed to reflect the amount of phospholipids present in the 
lipid extract.  An adapted version of the method developed by Rouser was used 
(Rouser et al., 1970).  The lipid extract was dried at 120oC in borosilicate glass tubes, 
then 300 ul of perchloric acid was added and vortexed and heated for 45 minutes at 
180oC.  After cooling, 1ml of water was added and vortexed, then 400 ul of 1.25% 
ammonium molybdate.  The mixture was again vortexed and finally 400 ul of freshly 
made 5% ascorbic acid was added and vortexed.  The mixture was heated for 5 
minutes at 100oC.  After cooling the absorption at 797 nm was measured and 
MATERIALS and METHODS 
 84 
compared to inorganic phosphate standards (KH2PO4 was used to build a standard 
curve). 
 
V-5.2.   Thin Layer Chromatography 
 
Lipid extracts containing equal amounts of phospholipids were loaded on thin layer 
chromatography (TLC) plates covered with silica (#1.05715.0001 from Merck) and 
run in two sequential solvent systems.  Plates were run halfway in a solvent mix 
composed of 35 chloroform: 35 triethylamine: 40 ethanol: 9 water, which separates 
less hydrophobic lipids well.  Plates were then placed in a solvent consisting of 5 
isohexane: 1 ethyl acetate to separate more hydrophobic lipids (Kuerschner et al., 
2005).  To separate different sterols, we used argentated TLC plates made by dipping 
pre-coated silica plates into a 12.5 % aqueous solution of silver nitrate.  After drying, 
the plate was activated for 15 minutes at 80oC before use.  Argentated plates were run 
using a solvent mix composed of 24 chloroform: 1 methanol.  Lipids were detected by 
spraying the plate with 20 % sulfuric acid and heating to 150-200oC for 5 minutes. 
 
V-5.3.   TLC scraping 
 
Lipid bands of interest were scraped from silica plates, without performing the 
detection step, in order to be analyzed by mass spectrometry.  The removal of silica 
was made by chloroform/methanol extraction as follows.  One-time methanol was 
added to the silica powder and mixed for 10 minutes.  Two-times chloroform was, 
then added and mixed for 40 minutes.  The mixture was centrifuged for 15 minutes at 
4000 rpm and the supernatant was transferred to a new tube.  One-time water was 
added and the organic phase (lower fraction) collected to a new tube.    
 
V-5.4.   Saponification of the lipid extracts 
 
To remove saponifiable lipids, lipid extracts were hydrolyzed in an alkaline medium.  
Dried lipid extract containing 140 nmol of inorganic phosphate was warmed for 1 hr 
at 80oC in 2 ml of 0.3 M methanolic potassium hydroxide.  Non-saponifiable lipids 
were extracted with three washes of diethyl ether (the upper-phases were pulled 
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together) and run through weak anion exchange DEAE Sephadex A-50 columns to 
remove contaminating fatty acids. 
 
V-5.5.   Mass spectrometry 
 
All samples were diluted with CHCl3/MeOH/isopropanol 2/1/4 (V/V/V) with 7.5 mM 
ammonium acetate.  Top-down analysis of the fly lipidome was performed on an LTQ 
Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) as 
described in (Schwudke et al., 2007) equipped with a NanoMate robotic nanoflow ion 
source (Advion BioSciences Ltd, Ithaca, NJ).  The NanoMate was operated with 4.1 
µm nozzle diameter chips in positive ion mode; spraying voltage was set at 0.95 kV 
and gas backpressure of 1.1 psi.  Survey mass spectra acquired at the target mass 
resolution of 120,000 (Full Width at Half Maximum, FWHM) were converted into 
peak lists, which reported m/z and absolute intensity for each signal using 
QualBrowser 2.0 software (Thermo Fisher Scientific) and processed using LipidX 
software developed in-house (Herzog, R. et al., submitted).  LipidX produced a table 
with identified lipid species and intensities of corresponding peaks detected in all 
experiments within the series, which were further processed by MarkerView software 
(MDS Sciex, Concord, Canada) for Principal Component Analysis (PCA). 
Absolute quantification of ceramides and hexosyl-ceramides was performed by 
adding 250 nM of Cer 35:1;2 and GlcCer 30:1;2 (Avanti Polar Lipids Inc.  Alabaster, 
US) as standards to lipid extracts.  MS/MS experiments were performed in MRM 
mode on LTQ Orbitrap and QSTAR Pulsar i (MDS Sciex) mass spectrometers as 
described in (Schwudke et al., 2007).  Quantification of ceramides, hexosyl-ceramides 
and ceramide-phosphoethanolamine relied upon extracted intensities of specific 
structural fragments of the long chain base: m/z 264.2 (for LCB 18), 236.2 (for LCB 
16), 234.2 (for LCB 16:1), 208.2 (for LCB 14) and 206.2 (for LCB 14:1).  
 
V-5.6.   Sterol quantification by Gas Chromatography-Mass Spectrometry  
 
Gas Chromatography-Mass Spectrometry (GC-MS) was used to quantify the sterols 
present in the membrane lipid extracts.  Samples were injected into a VARIAN CP-
3800 Gas Chromatograph equipped with a Factor Four Capillary Column VF-5ms 15 
m x 0.32 mm ID DF=0.10 and analyzed by a Varian 320 MS triple quadrupole with 
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electron energy set to -70 eV at 250°C.  Sterols were eluted with a linear gradient 
from 195-230°C at 4°C per min.  This allowed sufficient separation of sterols as 
judged by elution of standards and extracts from erg mutants of known sterol 
composition.  Standard curves were constructed by extracting data for the relevant 
ions for known amounts of cholesterol (386), desmosterol (384), ergosterol (396), 
stigmasterol (412) and fucosterol (314).  Compounds were identified by their 
retention times (compared to standards) and fragmentation patterns, which were 
compared to the NIST library or previously characterized sterols from wild type and 
mutant yeast cells.  The identity of other sterols was judged as best fits from 
fragmentation patterns, but were not confirmed with purified standards.  Their 
quantities were estimated by comparison to the standard curve of the sterol used in the 
medium for the particular experiment. 
 
V-5.7.   Sterol quantification by enzymatic assay 
 
Cholesterol was quantified enzymatically using the cholesterol/cholesteryl ester 
quantification kit from Biovision (# K303-100).  This kit allows quantifying free 
cholesterol in the sample or cholesterol esters by using a cholesterol esterase.  It is 
based on the oxidation of cholesterol by cholesterol oxidase to yield H2O2. This 
product interacts with a sensitive cholesterol probe to produce resorufin, which can be 
detected by spectrophotometry at λ = 570 nm or fluorimetry at Ex/Em = 535/587 nm.  
The standard curve was made using cholesterol or ergosterol.  
 
 
V-6.   Stainings 
 
V-6.1.   Filipin staining  
 
Different larval tissues were dissected in ice-cold PBS, fixed with 4 % formaldehyde 
in PBS for 15-20 minutes at room temperature, washed twice with PBS and stained 
with 50 µg/ml filipin solution (Sigma #F4767) for 30 minutes.  Samples were washed 
twice with PBS before mounted in Vectashield mounting medium. 
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V-6.2.   Immunostainings 
 
To stain fat bodies, second instar larvae were opened on ice in PBS + protease 
inhibitors (cocktail tablet from Roche #14150700) and placed immediately into 
fixative (4 % formaldehyde in PBS) for 20 minutes at room temperature, then washed 
in PBS + 0.3 % Triton X-100 (PBT), blocked for 2 h in PBT + 5 % BSA, then stained 
with anti-dFOXO (1:500) overnight at 4°C.  After washing with PBS, secondary 
antibodies and DAPI (1:5000) were added for 2 hours at room temperature.  After 
washing PBS, fat bodies were dissected out from the other tissues and mounted in 
Prolong Antifade (Molecular Probes). 
Imaginal discs were dissected in PBS + protease inhibitors (cocktail tablet from 
Roche #14150700) and collected in ice-cold PBS, fixed with 4 % paraformaldehyde 
in PBS for 20 minutes, washed 3 times for 10 minutes with PBS + 0.05 % Triton-X 
100 (PBX2), another three times 15 minutes washed with PBX + 0.05 % Trition-X 
100 + 1mg/ml BSA + 250mM NaCl (BBX250) and incubated overnight with primary 
antibodies.  The tissues were then washed two times with PBX + 0.05 % Trition-X 
100 + 1mg/ml BSA (BBX), and blocked with 4 % normal goat serum (NGS) in two 
20 minute washes.  Secondary antibodies were applied for 2-4 hours in BBX + 4 % 
NGS.  The discs were washed four times 15 minutes with PBX2 and another three 
times 15 minutes with PBS before mounting in Prolong Antifade (Molecular Probes). 
Primary antibodies were diluted as 1: 500 anti-Hh (Panáková et al., 2005), 1: 10 anti-
Ci (Wang and Holmgren, 1999) 1:100 anti-EcR (#Ag10.2 EcR common and #AD4.4 
EcR-B1 from DSHB), 1:200 Rhodamine-Phalloidin (#R415 Molecular Probes) and 
1:1000 anti-PHH3 (#9706 Cell Signaling).  Anti-PHH3 was labeled with the Zenon 
reagent (#Z25002 Molecular Probes).  
 
V-6.3. Microscopy and image analysis 
 
Tissues were imaged on a Zeiss LSM 510 confocal microscope using a Plan-Neofluor 
40x/1.3 Oil Ph3 or a Plan-Apochromat 63x/1.4 Oil DIC objective.  Images for EcR-
RNAi experiment were taken on a Leica TCS SP2 confocal microscope using a HCX 
Plan-Apochromat 40x/1.25 Oil UV objective. 
Tissues from the same experiment were imaged under identical conditions on the 
same day. 
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Image J and Adobe Photoshop were used for image processing. 
 
 
V-7.   Adult wing measurements 
 
Images of adult wings were generated using a 5x or 10x objectives with a Zeiss 
Axioplan microscope.  Image J was used to calculate the areas.  To determine the 
average cell size in the wing, different square areas were selected using Image J, the 
wing hairs were counted in each of those areas (each cell has one hair) and the area of 
the selected region was divided by the number of hairs.  To estimate the cell number 
in the whole wing, the total area of the wing was divided by the area of a selected 
region (Eugster et al., 2007). 
 
 
V-8.   Western blotting 
 
Larvae were collected in an eppendorf tube containing a drop of ice-cold PBS + 
protease inhibitors (cocktail tablet from Roche #14150700).  The larvae were 
homogenized using a biovortexer.  Reducing Laemmli sample buffer was added to the 
larval mix.  The samples were then boiled and analyzed by SDS-PAGE and Western 
blotting.  The SDS-PAGE was run at 100 – 120 V.  The Western blotting was run at 
100 V.  Powder milk was used to block the samples and the antibodies were incubated 
using the same buffer – primary antibodies were incubated overnight at 4oC while 
secondary antibodies were incubated for two hours at room temperature. The primary 
antibody anti – Broad-core domain was used 1: 4000 and it was obtained from the 
Developmental Studies Hybridoma Bank (DHSB # 25E9.D7) 
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Figure S1.  Identification of sphingolipids in Drosophila melanogaster.  (A) Structural 
identification of tetra(hexa)-decasphing-4-enine containing ceramides in D. melanogaster 
larval membranes.  TLC separated bands with retention consistent with that of ceramides 
were analyzed.  Positive ESI-MS/MS spectrum of Cer 34:1;2 at m/z 538.5 is given for YM 
(upper panel) and for LDM (lower panel).  (B) Structural identification of tetra(hexa)-
decasphing-4,6-dienine containing ceramides in D. melanogaster larval membranes.  TLC 
separated bands containing ceramide fractions were analyzed.  Representative ESI-MS/MS 
for Cer 36:2;2 at m/z 564.5 is presented. 
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Figure S1 (continuation).  Identification of sphingolipids in Drosophila melanogaster.  (C) 
MS2 analysis for verification of the chemical structure of Cer 34:2;3. (C1) Positive ion mode 
MS2 spectra of m/z 552.5 [M+H]+ with assignment of specific fragments. (C2) Negative ion 
mode MS2 spectra of m/z 610.5 [M+Ac]- with assigment of specific fragments shown in C3.  
The position of the double bond in the sphingoid base was assigned based on the presence of 
a similar lipid in Manduca sexta: tetradecasphing-4,6-dienine (Abeytunga et al., 2004).  
Alpha hydroxylation of the fatty acid moiety was identified using MS/MS analysis. 
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Figure S2.  The increase in both ceramide or hexosyl ceramide with hydroxylated fatty acid 
moieties is specifically due to sterol depletion and not a consequence of the developmental 
the stage.  The levels of normal ceramide (upper panel) and ceramide with hydroxylated fatty 
acids (mid-panel) and hexosyl ceramide also with hydroxylated fatty acids (lower panel) were 
measured by MS in membrane lipid extracts from larvae fed different diets.  The levels of the 
sphingolipids with hydroxylated moieties were specifically upregulated in membranes from 
larvae fed LDM – 2nd instar larvae (equal stage as LDM-arrested larvae) fed YM did not 
present increase in these sphingolipids. Gray, YM48=larvae fed yeast media for 48h AEL (2nd 
instar); Light blue, LDM48=larvae fed LDM for 48h AEL (2nd instar); black, YM96=larvae 
YM for 96h AEL (3rd instar); dark blue, LDM96=larvae fed LDM for 96h AEL (2nd instar). 
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Figure S3.  Ergosterol and desmosterol fulfill membrane requirements.  Weight of adult 
females fed on LDM supplemented with either 6,2 µg/ml cholesterol, 6,2 µg/ml ergosterol 
and 0.13 µg/ml cholesterol or 6.2 µg/ml desmosterol and 0.13 µg/ml cholesterol.  The adults 
do not show significative differences in their weights. 
 
SUPPLEMENTS 
 104 
VII-1.   Abbreviations 
 
20E = 20-Hydroxyecdysone 
25FC = 25-F-Cholesterol 
AEL = After egg laying 
AMPK = AMP-activated protein kinase 
ATP = Adenosine triphosphate 
BHK = Baby hamster kidney  
Br-C = Broad-Complex 
C(number) = Carbon 
Chol or C = Cholesterol 
C.elegans = Caenorhabditis elegans 
CHCl3 = Trichloromethane (chloroform) 
CNS = Central nervous system 
D = Desmosterol 
D. melanogaster = Drosophila melanogaster 
DN-EcR = Dominant negative – Ecdysone receptor 
EcR = Ecdysone receptor 
Erg = Ergosterol 
FA2H = Fatty acid-2 hydroxylase 
GC-MS = Gas chromatography - Mass spectrometry 
GPI = Glycosylphosphatidylinisotol 
Hh = Hedgehog 
HMG-CoA = 3-hydroxy-3-methyl-glutaryl-CoA reductase 
IIS = Insulin/ IGF signaling pathway 
LD(M) = Lipid-depleted (medium) 
MDCK = Madin-Darby canine kidney (cells) 
ml = milliliters  
µm = micrometers 
MS = Mass spectrometry 
NPC = Niemman-Pick C 
PC = Glycerophosphatidylcholine 
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PE = Glycerophosphatidylethanolamine 
PI = Glycerophosphatidylinosytol 
PG = Prothoracic gland 
PS = Glycerophosphatidylserine 
PTTH = Prothoracicothropic hormone 
RNAi = Interference RNA 
SREBP = Sterol Regulatory Element-Binding Protein 
TAG = Triacylglycerides. 
TLC = Thin layer chromatography 
Tm = Phase transition temperature 
USP = Ultraspiracle nuclear receptor 
TAG = Triacylglicerides 
TGP = Terminal growth period or interval to cessation of growth 
Wt = Wild type 
YM = Yeast medium  
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